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INFLUENCE OF COLUMN -BASE FIXITY ON
LATERAL DRIFT OF GABLE FRAMES

Amber Verma
ABSTRACT

In atypical light metal buildingthe structural members are designed for the forces and moments
obtained from the wind drift analysis, which assumes pinned connections at the base. The pinned
connections provide nomomentat the base and have zero rotational stiffness. However, in
reality every connection provides some restraint and has some rotational stiffness. hyence,
considering anodelingassumptiorof pinned conditionthe actual behavior of the connection is

not captured and this results in overestimatiofatefral difts andappearance of larganomens

at theknee of the gable frameSince the structural components are desigon the basis of

these highly conservative results, the cost of the project increases. This thesis investigates the
real behavior of the column base cention and tries to reduce the above stated conservatism by
developingac o mput er pr o @ toxaltulaterthe inival motational stiffness of any

column base connection.

To observe the actual behavior of a column base connection under difter@icakes, a number

of finite element models were created in SAP2000. Each finite element motie aflumn

base connection contained base plate, column stub, anchor bolts somde casegrout as its
componeats. The model was mainly subjected to thiegd casesnamely gravity, wind and
gravity plus wind. After performingmany analyses, the influence of flexibility of each
component on thiéexibility of the connection was obsed and a list of parameters was created.
These parameters are the projsriof above mentioned components which characterizes any
column base connection. These parameters were then used as inputs to model any configuration
of the column base connectian the developed wizard. The wizard uses OpenSees and
SAP2000 to analyze ¢hmodeled configuration of the connection and provides values of the
initial rotational stiffness and maximum bearing pressure for the provided loads. These values
can be further used in arsgructuralanalysis which is done to calculate the lateral drifa

frame under lateral loads. This walso help in gettingesults which are less conservative than

the results which one gets on assuming pinned condition at the base.
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Chapter 1 Introduction

1.1 Introduction

In typical analysisof a light metal buildingthe columnbase connecti@are modeled as pinned
connectionsHowever, by considering suchnaodelingassumptionthe actual behavior of the
connection is not captured and results in overestimatidaterial difts andappearace of larger
momens at theknee of the gable frame8ajwa (2010) showed the effect of the rotational
stiffness present at the column base on the resulting lateral displacements due to wind loads
(Figure 1.1). It can be observed from the plot shownguifé 1.1 that a pinned support condition
results in calculation of lateral displacemebBg)( which is on the higher side, while a fixed
support condition results in lower displacemds)( In actuality, the stiffness of the connection

exists in betweerhe two extremes (pinned and fixed) and is represented,by Rigure 1.1. If
the actual stiffness ( is used for the calculation, then one may find that the lateral

displacement[dy) falls on the curved part of the plot. The presence of a definifeestsf makes

every connection partially restrained. The purpose of this research is to study this partially
restrained behavior of the column base connec
for estimating the stiffness of any configuration of tb&umn base connection.
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Figure 1.1 Variation of lateral displacement of a frame with rotational stiffness at the column
base



1.2 Typical Exposed Column Base Connection

A typical exposed column base conneciomsists of a column and base plate assembly, erected
on top of a concrete footing (shown in Figure 1.2). Usuallypreciete grout is alsprovided
betweenthe assembly and footing, however this may not be applicable tvleted Building
Manufactures Association (MBMA) construction practicesAnchor bolts connect the whole
assembly to the footing. Generally, the base plate is welded to the column to prevent any slip due
to applied loads. The column can be subjected to any of the three types of loaximgorce,

shear force and moment represented by P, V and M, respectively in Figure 1.2. The resulting
deformation under each loading type is contributed by column deformation, grout deformation,
base plate bending, anchor bolts deformation and foogfmymation. The contribution of each

of the above deformations to the resulting deformation of the connection depends upon stiffness
of each component constituting the connection. The research reported herein takes account of all
of the above stated souscef deformation, except for the footing.

M

7N
P V

A/////////CMUmn
Anchor Bol
~—Base Plate
Grout
-
Footing

Figurel.2. A typical configuration of column base connection

These connections are generally subjected to two load icgsasgity and wind. Both gravity and

wind load case contain axial loads, shear loadsnamuients. The gravity load case includes the
loads coming from weight of the structural components such as rafter, metal deck, purlins, etc.
While performing an analysis, the connection is first subjected to gravity load case and then the
wind load case ispplied. In other words, these load cases must be applied sequentially (rather
than using superposition) because of the base plate uplift which is a nonlinear behavior.



1.3 Columnbase connection behavior under flexure

Flexure loading has a very profouedf f e c t on the column base ¢
usually accompanied by the application of axial loads, mostly compressive, and occasionally
tensile (or uplift).When a moment 'M' is applied on the column base connection, then the column
and base plattry to rotate together as they are welded to each other. In doing so, the base plate
lifts up and loses contact from one side. Anchor bolts are provided to resist this uplift, and in
doing so, the anchor bolts present on the uplift side undergo exterdienbase plate
experiences tension on the uplifting side and compression on the other due to its restricted
deformation. This behavior is shown in Figure 1.3, where the left side of the base plate is under
tension and lifts up, while the right side ofetlbase plate is under compression and exerts
compressive force on the grout and footing. One may also observe other interactions occurring
along with bending of base plate sucltascrete in compressipoolumn flange in compression,
column web incompression and anchor bolts in tensidrhe combined effect of these
interactions and the stiffness (flexibility) of each componenttrimrte to the stiffness
(flexibility) of the whole connection. It should be noted that the research presented herein
focuses only on estimating the initial rotational stiffness of the column base connection.
However, it should be remembered that in addition to the rotational stiffness, the connection also

has axial, shear and torsistiffness
/ // _—Column
|

Observation Point A // Observation point B

Anchor Bolts

) < | T Grout

4 a 4 /Footing

Figure 1.3. Column base behavior under flexure
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1.4 Procedure for calculatingthe rotational stiffness of the connection

Under an application of lateral load or moment, the base connections of a frame structure are
subjected to flexure. The rotational stiffness at the base connection directly affects the amount of
drift which a frame will experience on application of fleduteads. The behavior of the
connection under flexure is described in the previous section. Essentially, the whole connection
assembly tries to rotate on application of a moment. Intli@sis this rotation is quantified to
create a moment rotation plgr each configuration of the base connection. Two observation
points are taken on the mid surface of the base plate, right beneath the flanges of the column,
represented by A and B in Figure 1.3. Figure 1.4 shows magnified view of mid surface of the
baseplate and the two points, A and B, on it. Here subscript 'i' corresponds to the initial position
of a point (position before the application of the moment) and subscript 'f' represents the final
position of a point (position after the application of thenmeat).

Af
%\
Z, \\
A| } *********** qi\\\ ””” —% B|
Zg
f

Figure 1.4. Initial and final position of the base plate under flexure

When a clockwise moment is applied on the connection (shown in Figure 1.3), point A is
displaced from position A0 position A by displacement &£ while point B isdisplaced from
position B to position B by displacement g(Figure 1.4). The rotation of the connection can be
calculated by the following relation.

(1-1)

whereq is rotation of the connection due to applied momg&atand Zzsar e O magni t ude o
displacements of point A and point B respectively ahsl depth of the column. Please note that

in this research the rotation is considered positive whenlirteejoining A and B rotates

clockwise with respect to the line joining @and B,

By making use of Equation {1), one value of rotation can be obtained for each value of the
moment applied, which can be designated ag)Ylgkir. To capture the compéebehavior of the
connection, one should obtain as many of these pairs as possible by varying the applied moment.
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These pairs can be used to plot a mornetation relationship for a particular connection. A
typical momentrotation relationship for flexutdoading is shown in Figure 1.5. It should be
noted that the plot shown in Figure 1.5 considers the occurrence of various plastic mechanisms in
the connection during the loading process. These plastic mechanisms include yielding of the base
plate, crushig of the concrete and yielding and rupturing of the anchor bolts. However, in the
present research study and in the development process of the wizard for this project, these
mechanisms are not taken into account and the focus is more on finding therotuti@nal

stiffness of the connection, where each component in the connection assembly behaves
elastically under service loads.

In this research, the initial slope of any moment rotation curve represents the initial rotational

stiffness of the connecin. Figure 1.5 shows the initial rotational stiffness represented, igr K
a momentrotation plot.

Moment (kips-in)

Rotation (1072 rad)

Figure 1.5. Typical moment rotation curve for flexural load

The momentotation response can be treated as a unique characteristic of each configdiration
the connection. For modeling the restraint condition of an actual column base connection, a
rotational spring should be assigned at the column base and the nrotagah response of the
connection should be assigned as the response of this springe Ei§ shows the above way of
modeling the column base connection which represents a partially restrained support condition.



Moment-Rotation Respon:s

Column Stub\\

Rotational Sprin

Figure 1.6. Column base represented by rotational spring which has a unique raiatmt
response

This chapter presents some background work of a previous research (Bajwa 2010) which
inspired this research. The general behavioral characteristics of the connection are also
investigated. The next chapter presents some of the past research works that wenegeof
understand the behavior of the base connection under various load cases. Some methods are also
discussed which are very commonly used for designing various components of the column base
connection.



Chapter 2 Literature Review

2.1 Introduction

This chapter reviews some of the past research work that has been performed on column base
connections to observe behavior under various load cases. The current design methodologies for
designing the base plates are outlined. Some analyticegégures and experimental studies are

also presented to understand the influence of various factors in determining the characteristic
properties of any base connection. The stiffness values for some particular configurations of the
base connection are calated by using analytical procedures, which are also discussed in detail

in this chapter.

2.2 Designof Axially Loaded Base Plate

The current methodologies for designing the base plates for axial loads assume pinned support at
the column base. Howevdhe actual restraint condition depends on the connection details that
are provided at the column base. Chapter 14 of Steel Construction Manual (2010) published by
American Institute of Steel Construction (AlS@d AISC Design Guide No.Column Base
Plates(DeWolf and Ricker, 1990provide some models which can be used to design the steel
base plate for axial loads. The main models are discussed briefly in the following sections.

2.2.1 Cantilever Model

This method is suitable for designitige baseplates which have much larger dimensions than
the column dimensions. The main assumption for this method is uniform bearing pressure
variation beneath the plat€his assumptiorleadsto a conservative design of base plaks. a

wide flange sectiontheloaded area is considered®35 d. x 0.80 k. over the base pla{&igure

2.1), whered. is column depth andty is flange width of wide flange sectiofhis results into
overhanging of the remaining area of the base plateh is assumed as cantilever

b,
oo — bfc—a
I
af
dc 0.95d. d;
a
Vl Y

Lm— a, —E—;&»OISbﬁ;&f a24>J
Figure2.1. Equivalent rigid area faZantileverModel
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2.2.2 Fling Model

Fling (1970)recommendedhis modelfor wide flangesections onlyit is a modificationto the
cantilever method. A strength check based on yield line theory for a pattern as shown in Figure
2.2, is recommended fax base plate having dimensions almost similar to column. The main
assumption ighe support condition, which is fixed along the web, giynsupported along the
flange and free for rest of the plate.

//
//
Dashed lines
d indicate yield lines
bCS
~
~
~
~

Figure2.2. Yield lines forFling Model

2.2.3 Murray-Stockwell Model

Stockwell (1975) proposed model that is applicable tothe flexible base plates having
approximately similar size asf the column. This type of column base plate configuration is
referred t o asawde flaggesection.Hel renlizeddhatin chse of wide flange
sections, e bearing pressure is tnoniform on thewhole baseplate. As a result of this he
proposed that only portions of the base plate which are under the column section should be
subjected to a uniform bearing pressegpal to bearing capacity of concreidurray (1983)
performed an xperimental and analytical study. He used finite element analysis to model the
base plate and gathered more information about the lightly loaded configuration. On the basis of
his test results and analytical study, he supported the Stockwell model aretidebearing area

for the base plate, represented by shaded area annotatedrb¥igure 2.3. In Figure 2.3y is

the width of flanged. is depth of the wide flange sectiasy is a dimension which is used to
define the bearing area gAlt is measured from the centerline of the wide flange section.



™ ja3
- A|—|
d de
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Figure2.3. Equivalent rigid area shown by shaded region for Mugtagkwell Model

2.2.4 Thornton Model

Thornton (1990)proposed a model whiclkombinesthe above three models namely the
cantilever, Fling and Murragtockwellmodek. Currently, this model is also recommended by
AISC Steel Construction ManualUsually, for large dimension platethe cantilever model
governs otherwise the Murray-Stockwell model works welllt should be not that the
mathematical relationgerived from this methodrevalid for wide flange sectionanly.

2.2.5 Eurocode 3 Model

This model is described in Annex L of Eurocodél8993) It also uses the same concept of rigid
area as used liie Murray-Stockwellmodel In this modelthe rigid area is extended both inside
and outside the section. Fawide flangesection, the rigid area is shown by Fig@ré.

Rigid Area

Column " Base Plate

Figure2.4. Eurocode representation of bearing stress on an equivalent rigid plate



The model is morefficient than Thorntos model in predicting the bearing pressure. However,
as it assumea simplified assumption of stress distribution, this model overestimates the bearing
pressure values in comparison to finite element analysis.

The above describedadels are used for designing the base plates for axial loads and they do
not include bending moment acting on the base plate. The methods for designing the base plates
with moments are discussed in AISC Design Guide Neoflumn Base PlatefDeWolf and

Ricker, 1990).

2.3 Analytical Procedures to calculatéhe Rotational Stiffness

2.3.1 Analytical Proceduresproposedby Galambos

Galambos (1960)roposedwo analytical methods for determining tregationalstiffness of the
column base connection. The firsethod only akesaccount of the behavior dfie base plate,
anchor Ilts and concrete and neglett® rotation ofthe footing in the soil. Therotational

stiffnessof the connectionAcon) is given bythefollowing relation

0 - — (2-1)

where M is momentat the base of the colump,is rotation at the base of the columf, is
width of the base plateg is length of the base pla@nd £ is modulus of elasticity of the
concrete

The second methagredicts the stiffness of the soil underneath the connectioassums the
footing as a rigid beam antle soil as a series of elastic springs. The rotational stiffoEgse
soil (Ksoi) is given by following relation

0 - — (2-2)

wheregis modulus of subgrade reactiofis width of the concrete foatg and'Qs length of the
concrete footinglt should be noted that EquationZpassumes that tlewlumn base&onnection

is completely rigid and does not have internal stiffnés®ther words, the connection does not
contribute to the stiffness. In order to obtain the rotational stiffness of the whole column base
assembly consisting of steel connection pludifgy one may think of adding the two stiffness,
KeonandKsej in series according to Equation-82. However, Galambos emphasized to take the
minimum of the two values, as both the expressions neglect the influence of the other one. In
other words, Equation {2) neglects the rotation of the footing and Equatio)(2ssumes the

steel connection to be rigid.

10



0 S — (2-3)

where,0 is rotational stiffness of the wholassembly, 0 andb  are the rotational
stiffness of the connection arsdil as defined by Equation2 and Equation-2, respectively.

2.32 Component Method

The mmponent Method is an analytical method propose&tkrtion 6.3 oEurocode JEN-1993
1-8) for estimating the rotationaitiffnessof the column base connectiorhis method is briefly
described below.

It containgfive parts-

(1) Identification: Decomposingonnection in different components.
(2) CharacterizationMecharical properties are determindstiffness and deformation capacity
are some of the common ones).
(3)Assembly Each componentds mechanical properties
property of the connectiofstiffness andleformation capacity of joint).
(4) Classification To classify the behavior of the connection under dverslysis as irrigid,
pinned or partially rigid.
(5) Modeling For taking account of nonlinear properties of the connectioder overall
analysis.

The behavior oBachcomponent is studied kgerforming anumber of testen it under different

load casesThe stiffnesscoefficientsare estimated for thbase plate andoncrete block in
compressionbase plate in bendirmndanchor bolts in tension and shedable 611 (Eurocode

3, EN-19931-8) provides the expressions to calculate the above mentioned stiffness coefficients.
As a part of assembly process, the calculated stiffness coefficients are combined to find the
rotational stiffness of the connection. Tablé® (Eurocode 3EN-19931-8) provides a relation

for estimating the rotational stiffness of the column base connection subjected to combined axial
force and bending moment. It should be noted that the stiffness coefficients provided by Table 6
11 (Eurocode 3EN-19931-8) have dimensinal formula of ML'T® and the rotational stiffness
expression provided by Table-12 (Eurocode 3,EN-19931-8) is dependent on the load
configuration, hence for different orientations of the loads, the relation will be different. For a
compressive axiablad and a clockwise moment on the connection, the rotational stiffivess

given by following expression:

Y% 0 O h_h_fh (2-4)

h h
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where k7, is the tension stiffness coefficieron the left side (tension side for this load
configuration) of the connectioand should be taken as equal the sum of the stiffness
coefficientsk;s andk;e (Table 6.11Eurocode 3EN-19931-8) acting on the left hanside of the
connectionke is the compression stiffness coefficient of tight side (compression side for
this load configurationdf theconnectiorand should be taken agual to the stiffness coefficient
ki3 (Table 6.11Euracode 3,EN-19931-8) acting on e right hand side of the connectiomis
the lever arm shown in Figure 28;is elastic modulus ofhe stee] * is stiffness ratio, equal to

1.0 for finding the initial rotational stiffness (6.3.1(6)Eurocode 3,EN-19931-8) ; Qis
eccentricity of the applied axial load from center of the connection, equal,tavhered is the

design moment andi is the design axial forc€ f, is the distance from the center of the

connection to the poirdn the base plateeneatrthe columnflange in compression andl f; is

the distance from the center of the connection to the paithe base plate intersecting with bolt
position (Figure 2.5).

Figure 2.5 Configuration of the base connection coestdl for applying the component method

The coefficient Q represents the stiffness coefficient of the concrete in compression (including

grout) The expression forQ (Table 6.11 Eurocode 3EN-19931-8) is presented in Equation
(2-5)

o) — (2-5)

whereO is elastic modulus of the concre@is elastic modulus of the steet, and® are
length and width of the T stub flange shown in Figure 2.6.
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Figure2.6. An equivalent 3stub Model

kis andkie represent the stiffness coefficients for the base plate in bending and anchor bolts in
tension, respectivelylable 6.11(Eurocode3, EN-19931-8) provides two expressions for both
kisand ki based on the presence and absence of prying florggesenceof the prying force
(contact betweethe T- stub model and concrete surface is preséhé) connection parameters
should satisfy the ftowing inequality:

(2-6)

whereo is the baseplate thickness) is the area of the anchor rods is the length of the
anchor rodsinda is thedimension othe T-stub as shown in Figuzé.

The giffness coefficient(TQ ) for the base platen bending in presence of the prying force is
given by the following relation:

13



Q 2 2-7)

The diffness coefficient(TQ ) for the anchoiboltsin tension in presence of the prg force is

given by the following relation:

Q 2 (2-8)

In case of no prying forc@o contact betweethe T- stub model andoncrete surface is
present)the connection parameters should satisfy the following inequality:

(2-9)

The giffness coefficien{k,s) for thebase platén bending in Bsence of the prying force is given
by the following relation:

0 8 (2-10)

The diffness coefficient(k;e) for the anchomoltsin tension in presence of the prying force is
given by the following relation:

~

o Ju— (2-11)

Hence, the sum d{;s andk;s giveskr; andks is equal toke ;. Both k) andkc, are substituted
back in Equation (:2) to obtain the rotational stiffness of the connection for combined axial load
and bending moment.

Typically, under high bending moment and loempressivdoad, the base plate in bending and

the anchor bolts in tension contribute more to the stiffness of the connection than any other
componentsWhile under high compressive load and low bending moment, the concrete in
compressiomrrontribute more to the stiffness of the connection

2.3.3 MechanichModel proposed by Jaspart and Vandegans

Jaspart and Vandegans (1998) realized the complexityheotolumnbase components and
instead of proposing an analytical mqdisley presented a mechanical model to simulate the
actual behavior of the colurmase(Figure 2.7). The model contaidgferent types of linear and
nonlinear spring elementsr simulating the behavior dlifferent components like base plate,
anchor bolts and concrete blockhere are exactly four types of spring elements used in this
modd. The springs represented by number 1 are extensional springs which mimic the
deformation of column section. Number 2 represents the extensional springs which act as anchor
bolts and resist the uplift of the base plate. Number 3 represents the extesprongg for

14



transferring the compression on the base plate to the concrete below. Lastly, number 4 represents
the spring elements, which are subjected to bending due to occurrence of plastic deformation on
the compression side of the base plate. Pleaseimd-igure 2.7;N' and'M' are axial force and
moment applied on the column stub, respectively.

N

S AaM

Anchor Bolt Anchor Bolts

Column Deformation

Plate-Concret
Contact

@

Figure 2.7. Mechanical Model for representing the column base connection (Jaspert and
Vandegan, 1998)

They also performed a number of tests on the column base connection to compare the prediction
of the model with that of the tesfBhe model predicted the initial stiffness and yield strength of
connection in a good agreement wiitleir test results. Howeer, for higher values daherotation

(near collapse), the correlation became pa®each componendisplayedcomplex behavior
close to collapse.

2.4 Tests and Experimental Studies othe Column-Base Connection
Numerousexperimental studies were dobgthe past researcheps the column bas® capture

the actual behavior of the connectidrhe typical test assembly consisted of a column section
with abase plate welded to its base, installed over a concrete block and tightened by two or four
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symmetricdly attached anchor bolts. A grout layer was placed in betweebase plate and
concrete block in most of the tests, except few in which the behavior was to be observed without
the grout. This arrangement was subjected to various combinations of ngpaeat and shear
forces to observe the behavior of the column base under theseakesiMost of the tests were
performed under varying magnitude thfe moment and axial force and were aimed to take
account of the stiffness that is provided by the conmect

Hon and Melchers (1988) studied the column bases under bending moments by performing tests.
According to themthe column base behavior could be best described-M@P relationship,

where P is axial force, M is moment applied @nid relative rotation betweethe column and

base respectivelyhe behavior was supposed to be governed by (i) base plate thickness (ii) bolt
size (iii) anchorbolt length. This governing influence hiyhe above mentioned factors was
observed through a nurar of experimental tests for the combination of different column sizes,
bolt sizes and base plate thicknesses. It was concluded that the plate thickness had a profound
effect on the stiffness of the connection for thin base platede\iihcase of thickbase plates,

the bolts controlled the failure mode. In another words, the stiffness increased as the bolt size
was increased. Column size was also found out to be a governing factor and an increment in it in
the form of dimensions or weight, resulted igher resistance and stiffness. These observations
demonstrated the existence of substantial amount of stiffness in the dohsegonnection.

Ermopoulos and Stamatopoul(E996) proposed aimilar kind of mathematical moddt. took

account of materigbroperty ofthe concrete, anchor bolts and plate, geometryhefconcrete

base and magnitud# axial load onthe column in addition to the parameters mentioned in the

above model. By varying values of different parameters, a series(ftiMves(where Mis

moment applied and is observed rotationjvere obtained through experimenthese curves

could be replottedtoget-€C curves (where C is rotational st
to utilize the curves more efficiently, they put forward faling nonlinear relationship between

M and (.

(2-11)

where wis a coefficient obtained through a curve fitting metlaod (M,, (,) are the cordinates
of the characteristic poiribr each curve.

The coordinates of characteristic point were obtained by intersection pdivetahgents from
linear and nonlinear parts ah M- ¢ uThe amove equation, if used istructuralanalysis,
takes acount ofthe degree of fixity in each support instead of assuming pinned or fixed support
condition. In another words, these curves can be used to perform more astwetieral
analysis otheframes.
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Gresnigtet al. (2008) performed several tests in Stevin Laboratory of Delft University to
understand the column base behavior and to take account of the stiffness under shear and axial
loads. It was found out that in most of the cabeshear force can be resistedthg friction or

shear and bending ¢fie anchor boltslt was observed that tven the normal load was highly
compressivethe friction was sufficient enough to resist the shésweverfor a lightly loaded

column and high horizontal deformatiathe anchor bolts played critical role and transferred

the shear tdhe concrete footinglt was found out thathe grout layer was weak in resistirige

bearing pressure, so considerable amount of benditige@nchor bolts took place to develop

the shear esistance and stiffness. An analytical model aB® proposed bythe authors to

predict the horizontal deformation and shear force for a given connection.

Gresnigtet al. (2008) also studied the effect of ductility of the boltstib@column behavior.tl

was found out that if the failure was governedtbg bolts, then higher ductility led to more
horizontal deformation, which resulted in higher shear resistance and consequently higher
ultimate strength. Alsehe shear resistance was found out to be ddpet on characteristics of

the anchor bols rather than on thickness tife grout layer. Howeverthe horizontal deflection

was dependent on the thickness of grout layer. So a better growt Igawer deformation

Picard and Beaulieu (188 performed tests to observe the behavior of column base under axial
loads. Theysignified the connection fixity by defining a fixity factor. Theoretical and
experimental results were compared to draw out intriguing conchishacording to them, ra
increase in stiffness was observed when the column base connection was subjected to a
compressive axial load. Moreover in absenceaofaxial load, the flexural rigidity of the
connection was enough to be incorporated in the design process. And this couldnresul
significant decrease in lateral displacement adlgffects in the analysis.

2.5 Finite Element Models

Although some of themodels mentionedin the previous sectiomorrelated well withthe
experiment resulighere was still scope for improvingelobtained results, sineeost of them

were using rigid plate or equivalent rigid plate assumpfidre alvancement in finite element
analysis and computation techniques was used to simulate the actual behidngophfmn base
connection. Various lineaand nonlinear elements were used tsigie different components of

the connection and analyses were performed. Krishnamurthy and Thambiratham (1990)
performed a two dimensional finite element study on the base plates with plate thickness and
load eccentdity as parameters. This analysis used several finite elements such as bars, springs,
constant strain triangle, hybrid rectangle, -palbametric quadrilateral, and spharametric solid

blocks. After the analysis, they found out that the actual behavidhetase plate was quite
different than its anticipated behavior as rigid plate. According to them, due to thickness and
flexible nature of the base plate, thearingpressure vargnonlinearly andts maximum occurs
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at a point beneath the compressiam@le in thin plates and close to the edge in thick plates
Moreover, the maximum bending stress for the finite element model was about half the
theoretical valugredictedby the rigid plate assumption and classical design methods. In another
words, desigimg by rigid plate assumption was giving overestimates of bearing pressure and
bending stresses.

Hamizi and Hannachi (2007) developed a finite element model simulating the test setups used by
Picard and Beaulieu (1985) .The model was designed to takerdaaf the nonlinear interaction
between the grout and base plate. For the loading direction shown in the ERjufmite
element analyses were performed and a series of maotation plots were obtained. These

plots were ten compared withhe plots obtained by experimental tests performed by Picard and
Beaulieu (1985). The correlation between the two was found in good agreement.

Axial Load

Horizontal
Load

Steel stub
>R

column

Anchor
bolt

v _ Contact
Base Plate —» I .~ Surface

H4—4—+ 4 Lttt ld

Figure2.8. Finite Element Model (Hamizi and Hannachi 2007)

Dumas, Beaulieu and Picard (2006) came up with analytical characterization equations for three
most common columbase connections to incorporate the behavior of the connection into
analysis software. The procedure is based on curve staratanditheory In this theory, a
number of momentotation curvesare used to develop an equation which fits théw the
available standard experiment plots of morretation curves from the pastsearchewere not
enough,the authors created a number of finite elemeodels to represent the behavior. The
finite element models were cross checked with the existing experiment results and then used
independently to producadditionalmomentrotation curves. Thesadditionalmomentrotation

curves were needed to obsethe effect of various changing parameters like axial load, base
plate thickness, column section depth, anchor bolt diameter and anchor bolt eccentricity.

In conclusion, finite element analgshowedgoodcorrelation with the test results and proved to
be a viable method for simulating the actual &ebr of various components like base plate,
anchor bolts and concrete block interacting with each other under various loading conditions.
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2.6 Stiffnesscalculations from some research studies

From the above presented experiments, analytical procedures and models, some of the studies
are selected to compare their stiffness predictions with the stiffness values obtained from the
wizard for the configurations of the connection used in the thes#y.sfThis comparison
provides a fair idea that how closely the wizard is able to correlate with the experimental studies
and analytical models. In this section, only the selected studies are presented and the
comparisons with the values obtained from theawd are shown in Section 7.5 of thigesis

The three studies which are selected for the comparative studies are listed below.

1 Analytical procedure by Galambos (19¢8gction 2.3.1)
1 Eurocode 3 procedure (Section 2.3.2)
1 Experiments performed IBicard andBBeaulieu (1985) (Section 2.5)

As mentioned in Section 2.5, Picard and Beaulieu (1985) performed a number of tests to
understand the behavior of the column base connection under different load cases and tried to
guantify the fixity of it. Since etailed information of their experimental configurations of the
connection is available, two of their test configurations are chosen as reference configurations for
the comparative studies. The first test is a flexure test in which only a bending monsent wa
applied to the connection. The second test is a comprefsiome test in which a compressive

axial load was applied in addition to a bending moment. The geometrical arrangement of
different components of the connection is the same in both the tdwsstiffness of the
connection is calculated for each of the above test by using the analytical procedure of Galambos
and Eurocode 3. The calculatioase shown in Appendix AThese calculated values of the
stiffness are plotted on the respective mometattian curve obtained by Picard and Beaulieu for

both the tests and compared with their stiffness prediction. The details of the connection used by
them for both the tests are provided below.

2.6.1 Geometry and Material Used (same for both the tests)

A W6X25 column section having a length oft4vas attached to a base plate which had a length

of 11.81 in., a width of 7.48 in. and a thickness of 1.14 in. A standard diameter of 3/4 in. was
taken for the bolts and the anchor rod length was taken as 17.7Ahengrout provided
underneath the base plate had a thickness of 0.787 in., a compressive strength of 3.625 ksi (kips
per square inch) and a modulus of elasticity of concrete as 3230 ksi. There was no pretension
force provided in the anchor bolts as it veeasumed that that they were snug tight. The positions

of the anchor bolts on the base plate are shown in Figure 2.9. The material was steel for the
column, base plate and bolts, which had a modulus of elasticity as 29000 ksi and poisson ratio of
0.3. Yieldstrengths for the steel used for the column and base plate were 43.5 ksi and 36.26 ksi
respectively. The percentage of length of the anchor rod which is effective in providing the
stiffness was taken as 100 %.
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Figure 2.9 Anchorbolts positions for testperformed by Picard and Beaulieu (1985)

2.62 Flexure test by Picard and Beaulieu (1985)

In this flexure test, a bending moment was applied at top of the column till the failure point. The
connection failed at a moment of 540 kips Figure 2.10 shows the moment rotation curve
corresponding to the flexure test performed by Picard and Beadli® initial rotational
stiffness predicted by them is shown by the red line. The stiffness of the same configuration is
also calculated by using Equationl2and it is shown by the green line. The slope of these
colored line or in other words the valuet the predicted stiffness by the two methods are
summarized in Table-2. It can be observed from the Figure 2.10 and Taldl¢hat the stiffness

for the test predicted by Galambos is much higher than the actual stiffness predicted by Picard
and BeaulieuThe stiffness estimated by the wizard for this test is sho\@edtion 7.5.
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Moment Rotation Plot (Picard and Beaulieu, 1985)
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Figure 2.10. Values of stiffness from different sources on the meratation plot of flexural
test

Table 21. Values of Initial rotational stiffness obtained from différeources for the flexure test
performed by Picard and Beaulieu (1985)

Source Initial Rotational Stiffness (Kips-in/rad.)
Picard and Beaulieu experiment (1985) 58065
Galambos analytical procedure(1960) 298205

2.63 CompressionFlexure test by Picardand Beaulieu (1985)

The second test which is chosen for doing the comparative study is a compfiegsiantest
performed by Picard and Beaulieu. A compressive axial load and a moment were applied at the
column top. The axial load was kept constant &2 4ips and the moment was increased till the
failure point. The ultimate moment achieved was 1707.3%-ikipShe connection details at the

base were same as given by Section 2.6.1. Figure 2.11 shows the mmatat#om curve
obtained by Picard and Beaau; the stiffness predicted by them is presented by the red line. The
green line on the figure represents the stiffness predicted by Eurocode. -Rasilennarizes the
values of the initial rotational stiffness predicted by the two methods. The stiffreztisted by

the wizard for this test is shown in Section 7.5. It can also be observed from the Figure 2.11 and
Table 22 that the stiffness predicted by Eurocode is higher than the actual stiffness.
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Moment Rotation Plot (Picard and Bealieu , 1985)
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Figure 2.11. Values dtiffness from different souss on a momestation plot for
compressiofflexural load

Table 22. Values of Initial rotational stiffness obtained from different sources for the
compressiosflexure test performed by Picard and Beaulieu (1985)

Method Initial Rotational Stiffness (kips-in/rad)
Picard and Beaulieu (1985) 402309
Eurocode 3 529708

Note that the values of the stiffness obtained from the wizard for the above two tests is presented
in Chapter 7. The reader is advised to refer Section 7.5 which compares the stifiness
obtained from the wizard with values obtained by these above mefhudsliterature review
provides a quick glancef the research works that have been performed in recent years to
understandhe actual behavior of the column base conneclibie. next chapter investigates the
responsg of different finite elements under various load cases. In this research, these finite
elements are used to model different components of the connection.
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Chapter 3 Testing of Finite Elements

3.1. Introduction

The columnrbase connection wizard usesther Open System folEarthquake Engineering
Simulation (OpenSeegWniversity of California, Berkley 1999, 2000) &AP2000(Computer
and Structures, Incl19762011) as its analysis engin®penSees is selected as one of the
analysis engineslue to its free availability and versatility in performicgmplex structural
analysis.SAP2000 is chosen because it is commonly used is most of the structural firms for
performing analysis of various fgs of structuresTo make sure that the user gets the same
estimate for the stiffneskom the two programsthe finite elements used for modeling the
connection in both the softwangackageswere tested under different load cases. The sole
objective bemd this kind of basic testing was to understand and compare the respdhse of
finite element used for modeling each component in botlptbgrams Table 3-1 shows the
finite elements used in bot8AP2000 and OpenSeés model different components of the
connection.

Table 31. Finite Element used in SAP2000 and OpenSees to rdiffdeent components of the

connection
Component Finite Element Used
SAP2000 OpenSees
Base Plate Thick Shell ShellMITC4
Grout Solid 8 node Brick
Column Section Thick Shell ShellMITC4
Anchor Bolts Nlink Elements 2 node Truss Element

3.2 Base Plate Testing

Behavior of the base plate under various load cases is the most important factor affecting the
behavior ofoverall connection. Ais demanddgor the testing of finite element used for modeling

of the base plate in both tipeogramsunder different load cases. The base plate was modeled
using thick shell in SAP2000 and shellMITC4 element in OpenSees. The modeled base plate was
assigned a plarr@a of12 in. by 8 inand a thickness of 0.5.ifkigure3.1 shows the plan view of

the modeled base plate. To test the flditibpf the base plate, it was connectedhe rigid base

with spring elements. These spring elements are used for simulaingehaction between the

base plate and the grout in preliminary models of the whole connection, which is described in
detail in the next chapter. These spring elements were attached to the baaequatend and
restrained at other end. Figure 3.2wB the modeled configuration of the base plate.
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Figure3.1. Planview of the base plate BAP2000or OpenSees

Figure3.2. Modeledconfiguration of thebaseplate in SAP2000 and OpenSees

In SAP2000, link elements and in OpenSees, truss elementaisezt@s spring elements. These

spring elements are usually assigned with a force deformation relationship which defines their
response to any applied axial load. For the testing purpose, three differentldtoomation
relationships (see Figure 3.3, 3aAd 3.5) are considered. Figure 3.3 shows a linearly varying

force deformation relationship. Figure 3.4 shows a nonlinear force deformation relationship
which has mild nonlinearity. Figure 3.5 also shows a nonlinear force deformation relationship
which hashigh nonlinearity. Note that the slope of foirdeformation relationship represents
stiffness. I n all rel an@om&kpi epse sthowine betl owf n

spring element in tension and compression, respectively.
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Figure3.4. Mild Nonlinear forcedeformation relationship assigned to spring elements
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Figure3.5. Full Nonlinear forceleformation relationship assigned to spring elements
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3.2.1Physical significance of forcedeformation relationships

Figures 3.3, 3.4 and 3.5 show three different faleformation relationships. Each of these has a
physical significance. The right side of the origin 'O’ in these plots represents the response in
tension and the left side represents the response in compression. In other words, the response of a
spring element in tension is represented by the line having skodeakn on right of the origin

and the response in compression is represented bynéhkdving slope K drawn on left of the

origin in each plot. If the spring element is assigned with the fdefermation relationship

shown by Figure 3.3 then the magnitude of the deformation under an equal magnitude of tensile
or compressive force wilbe same as the slope of the lines representing the responses at the two
sides is same. If the spring element is assigned with the-defoemation relationship shown by

Figure 3.4 then the magnitude of the deformation under a tensile force will be maar¢he
magnitude of the deformation under a compressive force which has the same magnitude as the
tensile force. Lastly, if the spring element is assigned with the -fiteftemation relationship

shown by Figure 3.5 then the magnitude of the deformatiderua tensile force will be much

more than the magnitude of the deformation under a compressive force which has the same
magnitude as the tensile force. Note that the slope of the line on right side of the origin in Figure
3.4 is larger than the slope dietline on right side of the origin in Figure 3.5. This means that the
response in tension in Figure 3.4 is stiffer than the response in tension in Figure 3.5.

3.2.2 Load Application
The sub assembly shown in Figure 3.2 was tested under three loadnchets $AP2000 and
OpenSees. The three load cases are listed below.

 Gravity. 1 kip/in? uniformly distributed load was applied in the directioihgravity as
shown in Figure 3.6.

f Moment: Applied load varied from 0.6 kipfir{at left edge of the base plate) 0.1
kip/in? (at the center) in the upward direction and varied from 0.1 Kifdirthe center) to
0.6 kip/irf (at right edge of the base plate) in the downward direction as shown in Figure
3.7.

f Gravity + Moment First auniformly distributed loacf 1 kip/i’ was applied in the
directionof gravity and then a moment load was applied in the clockwise direction. The
moment load was created by the application of varying distributed load along the length
of the base plate. The uniformly distributeddowas varied frord kips/irf(at left edge of
the base plate) to 1 kip/i(at the center) acts in upward direction ankifin® (at the
center) to 6 kips/ih(at right edge othe base platgjctsin downward directioron the
base plate as shown in Figefe8 and 3.9.
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Figure3.6. Base Plate subjectedg@vity load case

Figure3.7. Base Plate subjectedrriomentload case
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Figure3.8. Base Plate subjecteddeavity loads first in gavity+momentoad case
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Figure3.9. BasePlate subjected tmoment loads afterrgvity loadsin gravity+momentioad
case

There were totahinemodels analyzed in each program, as for each of the three load cases, three
force-deformation relationships were assigned to the spring elements. The following plots show
the comparison of theesponses producdy SAP2000 and OpenSees for the above tzaes.

Each plot presents the deformation along length of the base plate for a specific load case and a
specific forcedeformation relationship.
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Figure3.10. Deformation of basglate under gravity load and linear spsng
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Figure3.11. Deformation of beeplate under gravity load and mild nonlinear spsing
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Figure3.12. Deformation of basplate under graty load and full nonlinear springs
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Figure3.13. Deformation of basplate undemoment load and linear springs
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Figure3.14. Deformation obaseplate under moment load and mild nonlinear sging
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Figure3.15. Deformation of basplate under moment load and full tioear springs
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Figure3.16. Deformation of basglate under gravity+moment load and linear sgging

x 10
5 T T T T T

Undeformed
Deformed OpenSees
Deformed SAP2000

_1 1 1 1 1 1
0 2 4 6 8 10 12

Base plate length, (in.)

Deformation of the base plate along its length,(in.)
N
T

Figure3.17. Deformation of bas@late under gravity+moment load and mild nonlinear sgring
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Figure3.18. Deformation of basplate under gravity+moment load and full nonlinear sging

3.2.3 Observations

Figure 3.10 shows that under gravity load case and with Ispgarg elements, the base plate in

both SAP2000 and OpenSees gave almost the same deformations, if not identical, along the
length of the base plate. This trend was further reinforced by Figures 3.11 and 3.12, which
showed that under thgravity load caseand with nonlinear foredeformation relationships
assigned to the spring elements, the base plate deformations along the length of the plate were
identical from both th@rogramsFigures3.13 and3.14 show that the deformations along length

of the base late were almost same under the moment load case with linear and mild nonlinear
spring elements. However, by looking at Fig®45, it can be seen that there wasme
difference in values fronthe two programswhen full nonlinear spring elements were used
Figures 3.16, 3.17 and3.18 show similar trendas discussed above fthre moment plus gravity

load case. The deformations were identical for linear and mild spring elements along the length
butlittle apart for full nonlinear spring elements.

3.3Grout Testing

The wizard developed for this projgmtovides the user with an option to model grout beneath
the base platdn that casethe grout also becomes a component of the colnase connection.
This demanddor the testing of finite element uséat modelingthe grout in both thgrograms
(SAP2000 and OpenSeesjowever, the testing will not be as rigorous as for the base plate
becausethe grout in the connection only resists compressiorthe base plate and remains
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ineffective for tension in thbase plate. This meant thae testing should only be done ftre

gravity loads as they are major contributor in subjedtiedpase plate under compression. In this
wizard, SAP2000 uses solid elemamd OpenSees uses brick elementmodelingthe grout.

The modeled grout for testing had in. by 8 inplan area and 1 in. thickness as shown in Figure
3.19; it was also meshed in four parts along the thickness to capture the variation in deformation
more effectively. The plot in Figurg20 shows thedeformations along the length of the grout
under gravity load of 1 kip/funiformly distributed over the grout's upper surfgskown in

Figure 3.19)
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Figure3.19. Modeled grout for testingnder gravity loadsn SAP2000 and OpenSees
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Figure3.20. Deformations along the length of the grout under gravity load
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3.3.1 Observations

Figure 3.20 shows that the grout deformations along the length under the gravity load are almost
same from the two programs. However, there is an intriguing observation &yothrs plot
Whenan option given a$ncompatibility modéfor the solid elementsn SAP2000 was switched

off and the analysis was done agaitihen the values coming from OpenSees matched exactly
with the values from SAP200@he ‘incompatibility modéoption in SAP2000 is provided to
improve the bending behavior of a brick or solid element; when it is included, the bending modes
are incorporated in the stiffness formulation of the element. Henc@ot®blereason for the

slight difference in the valgeobtained from OpenSees and SAP2000 (wittompatibility

mode included) can be attributed to the lackrefompatibility modan OpenSees.

The next chapter discusses the development process of the preliminary models that were
developed to understanidet connection behavior under different load cases.
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Chapter 4 Finite Element Modeling

4.1 Introduction

The objective of this researchare to explore the behavior of colurase connection under
various load cases and develop a wizard whgtimates rotationalstiffness of the columbase
connection for specified input parameters. Two diffegograms SAP2000 and OpenSees, are
used as preessors for estimating this stiffness. The first step to fulfill these objectives was to
manually creat¢hree dimensiondinite elementmodels of a typical columbase connection in
SAP2000 and OpenSees with various components such as column sectguiateasanchor

bolt and grout. It should be noted that some of the models aistuded thefoundation as a
component of the connection. Thetive behind the inclusion of foundatiavas to observés
influence on the stiffness of the connection. In thedeling process, the above mentioned
components were modeled usimgmmon dimensions, which were provided by MBMA
survey(see Appendix B)The interactions between various components were simulated to the
level best to emulate the actual behaviorhef ¢onnection under various load cases. The raodel
were analyed under two load cases, namely deadyravity load caseand live or wind load

case The results obtained from both SAP2000 and Open@®ees compared; thegave an
insight into the behavior ahe columnbase connection under different load cases. In second
phase of thisesearcha wizard was developed for enterine user defined values fararious
parameters othe columnbase connectionThe development proces¥ the wizard and the
considered parameters are presented in detail in Chapter 6. The following sections focus on the
models that were developed manually in SAP2000 and OpenSees to understand the behavior of
the connection.

4.2 Development of Finite ElemetModels

To understand the behavior of the colubase connectiorg three dimensiondinite element
model of a typical columivase connection which can closely simulate the actual behaasor
created There weretwo models created in SAP200The first model shown in Figuré.1,
included acolumn sectiona baseplate and nonlinear spring elements (also referred as Nlink
elements in SAP200®s its major structural components. The second model shown in Figure
4.2, includeda column sectiona base platea groutlayer and nonlinear spring elemerfdease

note that in both the models, the foundation was not included. However in some of the
preliminary models the foundation was included to observe its influence on the flexibility of the
connection. It wasbserved that due to its bulky size, the foundation contributes very less to the
flexibility of the connection. Hence it was decided to replace the foundation with the fixed
support. This also helped in reducing the analysis tirhe.dimensions for modglg different
components of the above mentioned moaedse taken fromthe MBMA survey (see Appendix

B). The dimensions, which were most common between various companies, were tdken for
preliminary modeling process because the dimensions provideccbg@apany were different

for different componentsThe selection of finite elements for modeling different components
was done keeping in mind that it showapture the actual behavidrhe $ell elements were
used to modethe column and basplate to tserve their flexible behaviofrhesolid or brick
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Figure4.1. First model consisted of Column Section, Base Plate and NLink Elements

Figure4.2. Second Model consisted of Column Section, Base Plate, Grout and Nlink Elements
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elements were used to o the groutto observe the variation difie stresses with thickness of
thecomponent. The nonlinear interaction between the-pkge and the grout was simulated by
using nonlineaspring(or Nlink) elements.

Thambiratnam anéaramasivan{1986) observedthat thebase plate bends under an eccentric
loading or moment. The compression side eflihse plate comes in contact with the grout and
transfers the load. On the other hand, the tension side of base plate &ftsl lopsescontact
with the gout. In short, compression on the base plate is resisted lyrdbe andtension is
resisted by the anchor bolts presenthattension side of the base plafes thearea of the base
plate under compression is variable and dependsherioad configuraton and base plate
properties, the nonlineaspring elements (say compression Nlink elements) having force
deformation relationship shawn Figure4.3 were #ached to each node of the base plate at one
end and the other end was fully restrained in firetel and connected to the grout in the second
model These compression elements hasey high stiffness in compression and near zero
stiffness in tension. In essence, this fededormation relationship represents that only
compressionn the base platean be transferred to the grout and the tension will only result in
uplifting of the base plate and loosing contact with the grohbte that the compression
elements were attached to every node of the base plate except the nodes at plositiolts.

Force A
Tension
< -
Deformation
Compression
Y

Figure4.3. ForceDeformation relationship for compression Nlink elements

As mentioned above that the anchor bolts are responsible for resisting the uplift of the base plate,
this seeks special attention in modeling of the anchor l&ilise theobjective of this project is

to find theinitial rotationalstiffness of the connection, it is assumed that most of the components
behave elasticallynder service loaddHence,the same assumption is applied in modelthg

anchor bolts. The tensile $tiess of an anchor bolt behaving elastically can be estimated by the
relation given inEquation4-1. This equation assum#® anchor bolt as a one dimensional long

bar having an effective length anchored into the concrete foundation passing througiuthe gr
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The effective length depends upon the variation of bond stress betedoundation and
anchor rod.

(4-1)

whereK is stiffness of anchor bolfy.q is area ofcross section of anchor bolE is modulus of
elasticity of steel andLer is effective length of anchor rod which depends on bond stress
variation.

For the two models above, a linearly varyibgnd stress was assumed along the anchor rod
length (shown in Figure 4.4) and the value of stiffness for this stress distribution is given by
following relation (Equation 42).

(4-2)

Figure4.4. Assumed bond stress distribution along anchor rod length

The anchor bolts were modeled by using the nonlinear spring elements (say tension NIlink
elements). These nonlinear spring elermemere attached to the nodes representing the bolts'
positions on the base plate at one end and restrained at the other. It was assumed the anchor bolts
only resists tension in the base plate. These tension Nlink elements were assigned with a force
deformdion relationship that represents the stiffness of an anchor bolt (given by Equdfjon 4

on tension side and near infinite stiffness on compression side as shown in Figure 4.5 (refer
Section 3.2.1 for detailed explanation on interpreting a fdefermaton relationship).in
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essence, the anchor bolts resist tension with some stiffness and transfer any compression on them
to the grout without any deformation. An important difference between compression and tension
Nlink elements in addition to the forgkeformation relationship was connectivity at their ends.

The compression elements were assigned with the base plate as one end and tndixgdut
support as othegfdepending upon the presence or absence of the) gtutthe other handhe

tension elements were assigned wilte base plate as one emaddthe other end waalways
restrained. This restrdiwas provided to simulate the anchored end conditighedboltsinside

the concrete foundation. It was also assumed that there wap metslieen the column stub and

base plate and the contact interaction between the two was simulated by meshing them together.

Force Tension
Bolt Stiffness (K)
% >
Deformation
Compression

Figure4.5. ForceDeformation relationship faensionNlink elements

To observe the bagdate andgrout deformation more closely, these components are meshed
into small elements. These elements were created with aspect(thatigatio of any two
dimensions of finite element)ess than four is to one (4:1) with the ainabtain good results

from the analysis. The lines of intersectiontlsé column section planes and base plate were
taken as boundary lines for creating these small meshed elements. The compression Nlink
elements were drawn frothe nodes otthe finite elenents on the base plate to the noofethe

finite elementson the grouttop surface(when the grout is present), i the tension Nlink
elements were drawinom thenodes othefinite elements on the base pladethe fixed support.

It is to be noted that when the grout is not present in the model, the compression Nlinks elements
aredrawn fromthe nodes on base platethe fixed support

The two models were subjected to two loading caggavity load case and wind load case. The
gravity loadincludesthe loads which do not change with time and are fixed in magnitude. The
weight of the structural components fall tinis category. The gravity loads may not &&t
concentri@lly on the connectiom reality, which results in unbalardenoments acting on the
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connection.Therefore usuallyan axial forceanda moment form aravity loadcase. Thavind

load casancludes the loads resulting from the application of wind on the structure. It usually
includes a lateral force, an uplifting éar or a downward force and an overturning moment. The
application point for both the load cases was centroid of the cross section at the top of the
column stub.

A nonlinear analysis was performed for each of the two load cases. The motive behind
performinga nonlinear analysis was to observe the behavior of the connection at the base plate
grout interface. Since a nonlinear foideformation relationship was assigned to the spring
elements connecting the base plate and grout, a nonlinear analysis wast {hesbible way to
capture the nonlinearity of the connection. The deformed shape of the base plate was observed
under different load configurations. Some new models were created by changing the properties
of different componentsf the connection. Aftergrforming lots of analyses on different models,

it was concluded that the rationale behind the modeling is reasonable and can be carried further
to find the rotational stiffness of the connection.

To achieve the final goal of this research, which is telbg a wizard for finding the stiffness of

the connection, a graphical user interface (GUI) has to be developed. To develop the GUI, a
graphical user interface building software is required. Since MATLAB (MathWorks-298%)

is avery robust programatdas t he capability by which one ¢
as GUI building tool for this research. The designed GUI has to interact with selected analysis
program which is either SAP2000 or OpenSees. This simply means that prior to desigheng of

GUI, one should know how to access the above mentioned analysis programs from MATLAB.

The next chapter presents different ways and procedures by which one can access these programs
from MATLAB.

41



Chapter 5 Accessindifferent Programs from MATLA B

5.1 Introduction

Since SAP2000 and OpenSees are used as analysis engines and MATLAB is used for developing
the Graphical User Interface (GUI) for this research, this means that MATLAB should somehow
be able to access the above two programs for modetidgoarforming analysis. This chapter
describes the ways in which the connectivity between the two programs and MATLAB can be
developed.

5.2. Running SAP2000 through MATLAB

SAP2000 provides us with a programming interface known as Application Programming
Interface (API) through which a developer can access SAP2000 from external programs such as
Microsoft excel, Visual Basicyisual C#, Visual C++, Intel Visual Fortran, MATLABtc This

API consists of set of commands which access the drawing objects, editing objects, analyzing
objects and output objects present in SAP2000. A developer can choose a program of his choice
from the list of above given programs and wribetinesfor modeling and analyzing a structure

by making use of syntaxéer commandsand data types of that particular chosen program and
APl commands of SAP2000. API is advantageougHedevelopers who wish to use SAP2000
asananalysis tool for their own pgram, since they can obtain any analysis information of the
structure without directly interfacing withe SAP2000 window.

For this research project, MATLAB has bedtosen as program for interacting with the API due
its popularity anchumerical versatily. Moreover, it can be used to develihg GUIwhich can

be used to inputhe values of various parameters of a structure tenbeekd and display the
processed results to the user.

As a first step in using the SAP2000 API, two files havingextensim (MATLAB script files) ,

were written in MATLAB whichautomatically create, analyze the two models (mentioned in
Section 4.2in SAP2000 and fetch the results of analysestimdATLAB command window.

The content of eacim file starts with a set of st@matic commands which develop connectivity
between MATLAB and SAP2000. There are two important commands which should be defined
to access the API through MATLAB. First is to pass the data to SAP2000 in one dimensional
arrays. This can be declared throdATLAB by using followingcommand:

feature( 'COM_SafeArraySingleDim' 1) (#1)
Secondly, all the arrays should be padsgdeferencenstead of passingy value This simply
means that SAP2000 accesses the original arrays defined in MATLAB rather than their copies.

Moreover, whatever changes are done in SAP2000, they are reflected in the original array
defined in MATLAB. This can be declared in MATLAB by usindléeving command.
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feature( 'COM_PassSafeArrayByRef' | 1); (#2)

After declaring the above two commands, a SAP2000 object nanteah@bject is created.
This object is used to access SAP2000 by making use of the APl commandslidiimg
commands can be used to create a SAP2000 object and start a SAP2000 application.

SapObject = actxserver( 'SAP2000.SapObiject' ); (#3)
SapObject.ApplicationStart ; (#4)
SapModel = SapObject.SapModel ; (#5)

Figure 5.1 shows a snapshot of the MATLAB editor defining the above commands and setting
up an interface between MATLAB and SAP2000.

%% clean workspace & command window

AAAAAA

$% pass data to Sap2000 as one-dimensional arrays

feature ('COM SafeArraySingleDim', 1)

$% pass non-scalar arrays to Sap2000 API by reference
feature ('COM PassSafeArrayByRef', 1):;

%% create Sap2000 object

SapObject = actxserver ('sap2000.S5SapObject'):;

%% start Sap2000 application

SapObject.ApplicationStart;
%% create SapModel object

SapModel = SapObject.SapModel;

Figure5.1. SAP2000 APkcommands defined in MATLAB editor window

By making use of APl commands, the model is created automatically from MATLAB by
providing the dimensions and meshing information in the form of arrays. The material properties
and sectiors for various components tthe column base connection are also defined in arrays
and passed to SAP2000 in the formcoinmands Most of thecommandscan be written in
generalized form as showny Command #6. Hereret is a variable defined in MATLAB
which gives 0 on correct execution of a command, otherwise returns 1.
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ret = SapModel.(Command line 1).(Command line 2).(Input argument 1,
l nput argument 2, ééé) ; (#6)

After execution of a number of modeling commands which generally have the form of
Command #6, the modeling process is completed. For performing analyses and getting results
back to the MATLAB command windovgome specificcommandsare executed@ommands

#7,#8 and #9). The firstcommandsimply runs the analysi$t should be noted that various

load cases can be analyzed in a single analysessecon@dommanddeselects all the load cases
which are analyzed and the third command selects the specific load case which is desired for
obtaining the results.

ret = SapModel.Analyze.RunAnalysis() ; (#7)
ret = SapModel.Results.Setup.DeselectAllCasesAndCo mbosForOutput; (#8)
ret=Sa pModel.Results.Setup.SetCaseSelectedForOutput( '‘Load Case' );
(#9)

Finally, the canection server, which is established between SAP and MATLAB, is closed and a
null value is given to all the earlier defined objects such as SapObject and SapModel. This
process is very essentias without doing this one cannot establish the server tiragt on
execution of them file.

ret =Sap Object.ApplicationExit(false()); (#10)
SapModel = 0; (#11)
SapObject=0 ; (#12)

A GUI window is created for this research to enter all the parameters which are required to
model the connection in SAP2000 (or OpenSees). The GUI window takes the values of all the
parameters from the user and place them in the commands defined in ebonieed.m files.

When the analysis is triggered from the GUI, these commands model and analyze the connection
according to the input values. The output of the analysis from SAP2000 is brought back to
MATLAB and processed further to produce some plot$sag moment rotation plot, bearing
pressure plot and provide quantities such as stiffness of the connection and maximum bearing
pressure on the base plate. Further discussion on development and working of the GUI
developed for this research can be foun@liapter 6.

5.3. Modeling in OpenSees

The Open System foEarthquake Engineeringimulationbetter known as OpenSees is an open
source object oriented program that allows users to perform finite element analysis of structural
systems. This is mainlysed for structural systenwghich aresubjected to earthquakelt is
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primarily written in C++, Cand FORTRAN. Thigprogramis chosen for our analysis due to its
free availability and versatility in performirgpmplex structural analysis. It is a powerful tool to
perform dynamic analysis in addition to static analysis. Figure 5.2 shows an intevaotiogv

of OpenSees.

B | C\Opensees\OpenSees.exe | = | & |—<'&‘ 1

m | »

OpenSees -- Open System For Earthquake Engineering Simulation
Pacific Earthquake Engineering Research Center -- 2.3.0

{c) Copyright 1999,2000 The Regents of the University of California
All Rights Reserved
{Copyright and Disclaimer @ http://www.berkeley.edu/OpenSees/copyright. html)

OpenSees >

Figure5.2. OpenSees Interactive Window

OpenSees is extended by using the Tcl language, which is a string based general purpose
command language. Therefore, one has to downlafchamiclink library file (.dll ~ file) for

the Tcl interpreter along with the OpenSees program. OpenSees provides the user with a
command library which consists of following Tcl command types:

Modeling Commands
Analysis Commands
Output Commands
Misc Commands
Database Commands

= =4 4 -4

The @ove gven Tcl commandypesenable a user to model and analgmgdesired structure,
and process results as per his requirements

5.3.1 Executing OpenSees Commands

There are three ways to execute OpenSees or Tcl commands. The first method is to input or write
appropriate commands on the interactive windisplayed by OpenSees shown in Fighiz A

sample set of commands for defining a structural configuration leakething like Figur®.3.

The interactive window looks just like command prompt, hahce referred aghe OpenSees
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command prompt in rest of thihesis The reader is advised not to confube OpenSees

command prompt with the MBOS or Windows commahprompt.

OpenSees -- Open System For Earthquake Engineering Simulation
Pacific Earthquake Engineering Research Center -- 2.3.0

W

model basic -ndm
hode
hode
hode
hode
hode
hode
hode

- DD = - DO
—_————--000

_ . .
[cRcRoRoR ool ol ol

WO EWN =

[ T g
===

1 Steel@l 1 36000 29000000 0.3

B ' C\Opensees\OpenSees.exe | = | O] |_<'?-‘

(c) Copyright 1999,2000 The Regents of the University of California
All Rights Reseruved
(Copyright and Disclaimer @ http://wuww.berkeley.edu/Opensees/copyright.html)

Figure5.3. Method 1: Defining model at OpenSees Prompt

The second method is to write an input file separately in some word processing software such as

notepad, Microsoft Word, etc. and save it with extension. This file consists of similset of
commands which are defined at the OpenSees command prompt in Methoshinplétcl

file is created to demonstrate this method is shown in Figure 5.4.

| sample - Notepad

File Edit Format View Help

B SET UP mmmmmmmm oo oo e e e
model basic -ndm 3 -ndf 6;

# define GEOMETRY = oo oo oo oo oo oo oo o o o oo
# nodal coordinates:

node 1 0; # node#, XY Z

RrROoOORROO
RPORORORO

3

[=]

j= 8

1]
GO~ Ul LN

# Single point constraints -- Boundary Conditions

H # node DX DY DZ RX RY RZ

# Define Material

uniaxialMaterial Steel01 36000 29000000 0.3; # Yield Stress, modulus of elasticity, poison ratio

Figure5.4. Met hod 2: l nput fil
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The user can execute this input file from the OpenSees command prompt by caltogy¢he
command followed by thfiename.tcl . Figure 5.5 shows the above procedure.

= | @] X

B ' CA\Opensees\OpenSees.exe

m | »

OpenSees -- Open System For Earthquake Engineering Simulation
Pacific Earthquake Engineering Research Center -- 2.3.0

(c) Copyright 1999,2000 The Regents of the University of California
All Rights Reseruved
(Copyright and Disclaimer @ http://www.berkeley.edu/OpenSees/copyright. html)

OpenSees > source sample.tcl

Figureb5.5. Calling input file6 s a mp froen.Open3e@sommand prompt

Please notehat the written input file should be saved in the same folder in which OpenSees.exe
is presentThis is done to make sure that whitre user calls this input file ahe OpenSees
command prompt, ivill be available tdOpenSees

The third method which iast comfortable, is calling thiel input file through the MPDOS
command prompt. This way of executing OpenSees commands is rarely used. In general, the
second method is much easier than the other two. Some of the advantages of this method over

the otter two are following.

1 For modeling large structural systernge has to inpunany linesof data. Therefore, the
possibility of inputting wrong data is always there. Using a separate editable file for this
purpose makes work much easier and systematinesan edit any mistake any time.

1 A developer can save progress of the modelingaatithe input file any time by using
OpenSees command prompt.

1 The most important and useful aspect of using the second method is that developers can
use external progranikke MATLAB to write their input files and execute them without

even opening notepad or OpenSees.
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5.3.2 Running OpenSees through MATLAB

As discussed in the previous section, there are three possible ways of executing commands in
OpenSees. The second mode of running is most suitable for a developer. A Tcl scripted file has
tcl  extension. It is nothing but a notepad or any word procégsarhich has been saved in

tcl  format. A developer can make use of MATLAB to write a Tcl input file in notepad using
specific commands. This Tcl script is written on a blank M file (default MATLAB file hawimg
extension) by using following commands.

file=fopen(‘fleName tel''w+); (#13)

fclose(file); (#14)

Command #13 opens or creates a file having naméilalame and extension agl . It also
makes the reading and writing of this file possil@emmand #14 closes the writing process

and it is normally put at the end in M file. The OpenSees commands are printed in this Tcl file
using the followinggeneralisedMATLAB command.

fprintf(file, 'OpenSees command' ) ; (#15)

Command #15 usesfprintf (a MATLAB command) to write the data in text format in the

file  variable which holdgileName.tcl (defined by Command #13). The user has to
execute the above commaedch time when he or she wants to add an OpenSees command in
the Tcl file. The process explained above will just create an input file and one still has to analyze
the model in OpenSees. For accessing OpenSees from MATLAB, the following command is
used.

I0penSees fileName.tcl (#16)

Command #16 connects to OpenSees anuhs fileName.tcl . It is written after the fclose
command Command #14) in the.m file. Please not¢hat theCommand #16 only executes

when OpenSees.exe is present in the stolder in which theinput file fileName.tcl is
present. The analysis results are written in recorders, which are output files. Each file is specified
with a path where it is to be saved. These recorders are defined with their paths inside the Tcl
file. To process the analysis results stored in output files further, they are stored in variables in
the MATLAB workspace by using following commands.

Displ=load('Displ.out' ) (#17)

Force= load(‘eleLocal.out’) (#18)
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Command #17 and #18 extract the data from the output files, which &iepl.out and
eleLocal.out in this case and store that into varialiléspl andForce , respectively. Now

the user can process the information stored in these variables by performing usual operations of
MATLAB. A sample file showing the use of above set of commands in MATLAB is shown in
Figure 5.6.

L= file=fopen ('breakdow:  wt') % Open reates a file name breakdown 1
2 $tModel for thr nal tru

e fprintf (file, 'mo -ndm and ee DOF per node
4 = fprintf(file, 'fi r Data; X data' for out put
= = fprintf(file,'# 1

6 $ Add material £

1= fprintf(£file,' cBilin 1 3030.30 3030.30 0.000001 1000000 1000000 -0.000001;\r\n');
8 $ Defining nodes

9 = fprintf(file, 'node n')

1) = fprintf(file,'node 2 0 0 0.5; \r\n');

13 = fprintf(file, 'fis 1 1 \z\n');

12 = fprintf (file, 'em OF 121 2; \r\n');

13 $ Defining tru

14 - fprintf(file, 'el

15 % Define analysi

16 - fprintf(file,'re e Dat ime -node 2 -dof 1 2 lisp n')
17 = fprintf(file, 'pa - n'):

18 - fprintf (file,' r\n'

19 = fprintf(file, 'nun n');

20 = fprintf(file,'sy r\n'

2% %= fprintf(file,'in a'):

e = fprintf(file, 'al

3= fprintf(file,'

24 = fprintf(file,' 0;\r

23 = fprintf(file, 'puts "Done!"');

26 - fclose(file);

a7 =

Figure5.6. MATLAB script executing modeling and analysis commaindSpenSes

This chapter described the ways in which SAP2000 and OpenSees can be accessed from
MATLAB. The general commands which are written in MATLAB to model and analyze any
structure in the abovéwo programs are also outlined. The following chapter provides a
comprehensive description of the GUI development process. Various parameters of a column
base connection which are considered in designing of the GUI are also presented in a systematic
manne.
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Chapter 6 Graphical User Interface (GUI) Development

6.1. Introduction

A Graphical User Interface (GUI) is a graphical or visual display with which a user can interact
and performa desired task without knowing the comyplees of operations performed to fulfill

that task.The research presented herein required the development of a GUI for calculating the
rotational stiffness of any configuration of a column base connection. A GUI can be developed
by using any GUI building softare present in the market. The software used for developing the
GUI for this research is MATLAB. A user can develop a GUI eithemayuallycreatingeach
component with a written code or by using a GUI builder provided in MATLAB, better known
as GUIDE.

As far as the functionality of a GUI is concerned, each GUI consists of components such as text
boxes,push buttons, radio buttons, menu bar, axes, list boxes, etc. In MATézkR, of these
components has a user defined routine or program known as Caildack,asks MATLAB to
perform certain operation wheneubBe user triggers an action dhatcomponent. This action is

called an event and can be different for different components. For instance, this action can be
clicking for a pushbutton, entering te®tr a textbox, clicking on circular dots for a radio button,
selecting an item from the list for a list box. lttie responsibility of the developer to keep in

mind the needs of the users and deéppropriate callback for each component. These cakback
decide how components are going to handle the events.

A sample GUIperforming the operations of a simple calculator is shown in Figure 6.1. This GUI
contains push buttons, edit text boxes and static text boxes. Each of these components has a
callback function which performs a specific action displayed by the label situated on left side of
every component1® No.' and'2nd No." edit text boxes let the user enter a value for each
number. Each push button on clicking performs the labeled action and shows the result in
'‘Answer:' edit text box.
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calculator |L‘é]
Calculator
Operators Operands
1st No. 3
2nd No. 5
— Answer
Answer : 8

Figure6.1. A GUI performing task of a simple calculator

As mentioned in Chapter 4, every preliminary model of the connection consisted of components

such as base plate, anchor bolts, column and grout (in some models). This means that for
modeling each component the values for various parameters must be préviged close

review of all the parameters which are considered for different components, they are divided into

inputs and outputs. In this wizard, the inputs are the parameters used for modeling and analyzing

the columnrbase connection in OpenSees amP3000. The input parameters for modeling

include dimensions of the base plate, grout and column section; material properties of the steel

and concrete; Anchor bolt parameters like anchor bolt length, position of bolts and mesh
information, etc. The inpuparameters for analyzing mainly include applied loads, namely
gravity loads and wind loads in various directions and a processor desired for analyzing, either

SAP2000 or OpenSees. Tabld Bummarizes the modeling parameters which are considered for

creatng various input fields in the GUI. The output parameters in this wizard are estimate of the

rotational stiffness, maximum bearing pressure on the base plate, motagion and bearing

pressure plots.

In essence, aser entergheinput parameters fa desiredstructuralmodel in the GUI.TheGUI

calls the.m file (described in Chapter 5) faither SAP2000 or OpenSees bas e d

on

selection of analysis progranihe.m file creates amnput file for the chosen analysis program
which take the input values of various parameters, madahd analyze the connection in
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respective program. The results obtained ftbmanalysisprogramare saved and processed in
MATLAB to get the output parameters mentioned in previous paragraph.

Table 61. Input parameters considered while desigrimgGUI

ComponentName Geometrical Material Properties | Finite Element Used
Properties in Analysis
Base Plate Dimensions: fy: Yield strength of | Thick Shell-
lp : Length of base | steel used for base | SAP2000
plate plate
bop: Width of base Ns: poison ratio of ShellMITC4-
plate steel OpenSees
tp : Thickness of basq Eg. Modulus of
plate elasticityof steel
Grout Dimensions: fgNjCompressive Solidi
ty: Thickness of the | strength of concrete | SAP2000
grout E.: Modulus of
elasticity ofconcrete | 8 node Brick
used forgrout OpenSees
Nc : poison ratio of
concrete
Column Section Either choose a fy: Yield strength of | Thick Shell
section from the list o] steel used. - SAP2000
W sections or Es: Modulus of
customize a section. | elasticity of steel useq ShellMITC4
for column - OpenSees
L. : Length of the Ns : poison ratio of
columnstub steel
Anchor Bolts N: Number of bolts | f,: Yield strength of | Nlink Element
Xp: Horizontal steel usedor anchor | - SAP2000
distance from origin | bolts
in the plane of the Es: Modulus of 2 node Trus&lement
base plate elasticity ofsteel - OpenSees
Yy Vertical distance | ns: poison ratio of
from origin in the steel
plane of the base plat
D: diameter of bolt
L: Anchor bolt length

6.2 GUI Development Process in MATLAB

There are two ways to createGaJl in MATLAB. The first way is to usex GUI development
environment better known as GUIDE. This is a tool kit provided by MathWorks, the developers
of MATLAB software to providea user the ability to creagGUI with a layout editorThe wser
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can add angontrolfrom the listof controls providedNote that the ternttontrols here refers to

the components of a GUI such as text boxes, check boxes, list begespushbuttons, efthe

drawn GUI digured  figured6 i s a di splay window odndisny GUI
components are saved dig file. This .fig file automatically creates an file, which is
corresponding code file consists of crelafenctions and callbacks of various components

present in thefig  file. One can runhe GUI from either FIG file orm file. The second way of

creating a GUI is programmatic approach in which one wates file having codes to create

thefigure, its components and their callbacks. When this file is run then a figure is formed with
various components added toTibe nteraction of various componentstbe GUI with actions

triggered by the user dependstbacallbacks defined itm file.

In this project the first way of creating a GUI is followed. TBEIDE letsthe user to creata

GUI without knowing the complex codes that one has to write expli€iilyis designed by the
second way Although the second approach is not explicithedjsit is followed without
realization whenhe user modifies the codes generatedh®/GUIDE. The.fig file developed

for this project is shown in Figui®@2 and is referred as main figure tinis thesis.Please note
that a standalone version of the GaYlthe wizard is created which enables the user to run the
wizard on any computer without having MATLAB installed on it.

The main figure is divided into four major components namely panels, action buttons, menu bar
and display windowssgeFigure6.3). The wser can interact with first three components but the
fourth component is just a visual interface to display the designed model of the connection and
results. Note that each panel is a small section in the wizard which describes the materialistic and
geometrical properties of a specific component of the connection. Some of the panels in this
wizard are Column Properties, Grout Properties, Load Application, ettheédAlanels have input

fields for entering the values for various modeling parametersoAtiuttons and menu bar

items are objects which perform specific tasks on clicking them.

It should be noted that in addition to the above mentioned components, there are few elements
which are not displayed on the main figure. Instead they are displayevi figuresoverwhich

the user has no control. They are just for displaying output plots, namely mtatimn plot

and bearing pressure plot. A comprehensive discussion of various features provided in this
wizard is presented in the following secson
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File View Mesh  Analysis

Column Base Connection
(—— Column Properti Bolt Prop Display Screen for Model
W Section Type : Select Section ¥ | Standard Bolt Diameter: 12 w| in.
Column Length - 24 in. Bolt Area: | 1963 | sq.in.
Steel Yield Strength : 50 ksi. Achor Bolt Length : 15 L
Percentage Effective Length: S0 %
Grout P . Pretension Force : 0 kips.
hi " § faat Position—————————————
© Included Modulus of [~ o orEetE
@ NotIncluded Elasticity : S P X Coordinate|Y Coordinate
| Compressive + | ke Bolt (1)
Strength : ' Bolt (2)
— Base Plate Prop EORL)
Bolt (4)
Length : 12 in.
Width - 8 ; _
) s Load Stiffness Max. Bearing Pressure
Thickness : 0375 in — Dead Load (Gravity Load) (kips-in/rad.) (ksi.)
Steel Yield i ) Force GlobalZ | o kips.
Strength : * ksi. SR Force Global X | o "
i kips. Output Screen Output Screen
Material Properties DRI GlobalY | o kips-in
Steel :
Modulus of Elasitcity : [~ Live Load (Wind Load) 2
29000 ksi. Force Global Z : os Preview Model Analyse Unlock
- P ©) Included .
Poisson Ratio 0.3 . Force Global X | 0 kips.
Concrete : @ Not Included GlobalY | 0 | kips-in. l Load Data ‘ I Save Data l Reset ‘
Poisson Ratio : 02
Figure 6.2. Display Window of Column Base Connection Wizard
__~_ Input Panels
File View Mesh  Analysis >
Menu Bar - Display Window
Column Base C ti 7
Column Properties- Bolt Properties. —————— Display Screen for MMBI—L
W Section Type Select Secton ¥ Standard Bolt Diameter : 1 * i
Column Length - 28 in Bolt Area 0.1963 sq.in.
Steel Yield Strength 50 ksi Achor Bolt Length : 1 in.
Percentage Effective Length: 50 %
Grout Properties Pretension Force - 0 kips
7 Thickness in EEORE.
7 Included Modulus of — No. of Bolts
@ Not Included Elasticity - s 1= X Coordinate| Y Coordinate
Compressive - Bolt (1
Strengih - s Bokt 2
Base Plate Prop e
Bolt (4
Length - 12 in
Width -
! ¢ m Load Stiffness Max. Bearing Pressure
Thickness : 0315 | i — Dead Load (Gravity Load) ————————————————— (kips-in/rad.) (ksi.)
Steel Yield - Force GlobalZ = o kips.
Strength * % Ksi © Included .
gth : Force GlobalX | 0 | ips. Output Screen Output Screen Action Buttons
— Waterial Properties ® Notincluded | omontGlobalY | 0 | kips-in /
Steel : -
Modulus of Elasitcity - rLiveload (WindLoad) ————————————— )
22000_jiies M| ForceGiobalz | o | s
Poisson Ratio 03 AR Force GlobalX | 0 | s,
Comcrels - © Notincluded | yyoment GiabalY | o | kips-n
Poisson Ratio - 02

Figure 6.3. Major Components of Column Base Connection Wizard
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6.2.1 Input Panels

An input panel is a small area assigned for each component in the GUI. Each panel contains
geometrical and material properties pertaining to a specific component. There are six input

panels provided in this wizard. The following is the list of panels peali

1 Column Properties
Grout Properties
Base Plate Properties
Material Properties
Bolt Properties

Load Application

= =4 4 -4

The following sections describe the input fields present in each of these panels.

6.2.1.1 Column Properties

It contains three input fields. W sectitype is a list boxwhich contairs standard AISC wide
flange sections and an option to create tapered sedtimitem'TaperedSectiori from the list

can be chosen to model a tapered secfldre list box is showin Figure6.4. The length and

yield strength othe column stub are entered iGolumn lengthand'Steel Yield Strength text
fields, respectively The default values for the length and yield strength are provided as 24 in.

and 36 ksi., respectively.

File View Mesh  Analysis

Column Base Connection

Display Screen for Model

Column Properties—— ———— Bolt Properties
W Section Type Select Section v Standard Bolt Diameter - [z ~| o
Column Length - Bolt Area : 0.1963 sq.in.
Tapered Section L )
Steal Yield Strength - W2T %178 E Achor Bolt Length : 15 in_
W27 = 161 Percentage Effective Length: 0 %
W2T x . .
Grout Prop) \E: xi Pretension Force - 0 kips.
Thicd W27 =102 Bolts Position
. W27 %94 - No. of Bolts
) Included Mod| wo7 « 84 -
@ Mot Included Elaf w24 « 182 ot X Coordinate| Y Coordinate|
Compy w24 = 146 i Bolt (1)
Strl vizg = 131 ’ Bolt (2)
. W24 x 17 — Bolt (3)
Base Plate Py, .. .., — Bolt (&)
Length : W24 = 94
. W24 %84
Width : W24 % T8 Load Appli
Thickness : W24 x 88 — Dead Load (Gravity Load)
Steel Yield W24 =82 Force Global Z 0 kips.
S b W24 %55 < () Included
trength - T Force Global X 0 kips.
Material Properties @ Notincluded | yoment Global Y [ o kips-in.
Steel:
: - — Live Load (Wind Load)
Modulus of Elasitcity - 28000 = ( .
Force Global Z 0 ips.
. o ) Included ’
Poisson Ratio : 0.3 B Force Global X 0 kips.
Concrete :
@ Notincuded |y ent Global Y [ 0 | kips-in
Poisson Ratio : 0.2

Stiffness Max. Bearing Pressure
(kips-in/rad.) (ksi.)
Output Screen Output Screen
Preview Model \ Analyse ] Unlock
l Load Data l Save Data I Reset l

Figure 6.4. W Section Type list box in Column properties panel
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6.2.1.2 Grout Properties

This panel contains a choice box which provides the as@ption to include or exclude the

grout from the connection. If the grout is included theneeinput fieldsare enabled. The field
‘Thickness' specifies the thickness of grout beneath the base plate; 'Modulus of Elasticity' and
'‘Compressive Strength' fields specify the modulus of elasticity and strength of the concrete used
to build the grout, respectivelyrhe default values for "Thickness', 'Modulus of Elasticity' and
'‘Compressive Strength' are provided as 1 in., 3605 ksi. and 4 ksi. respectively. Please note that
the value of compressive strength provided by the user is used by the wizard to provide warning
when the maximum bearing pressure on the base plate exceeds the compressive strength.

6.2.1.3 Base Plate Properties

This panel contains criticahformation about the geometry and material of the base plate.
‘LengtH, 'Width' and Thicknessfields specifythe geometry of the base plate d8tkel Yield

Strength specifies the yield strength of steel used for making the base Phetalefault values

for 'LengtH, 'Width', 'Thicknessand Steel Yield Strength are provided as 12 in., 8 in., 0.375 in.

and 36 ksi. respectively. Please note that the value of yield strength provided by the user is used
by the wizard to provide warning when the loads applied on the connection creates yielding of
the base plate arekceeds the allowable strength of the connection.

6.2.1.4 Material Properties

Mechanical properties of the materials used for building the connection are specified here. A
default value of 29000 ksi is provided as modulus of elasticity of steel andtdefhuds of 0.3

and 0.2 are provided for the poisson ratithefsteel and concrete respectively.

6.2.1.5 Bolt Properties

This panel containseverainput fieldsrelated to anchor bolt$Standard BolDiametet provides

a drop down list containing stdard bolt sizes given by AISChe wser can also model desired
bolt by clicking on 'other' option from the list. Anchor rod, which is used pi@viding
anchorage in the connection, its length is provided Ainchor Bolt Length' input field
'PercentageEffective Length'field contains percentage of anchor length effective in providing
the stiffness. This effective length depends on the bond stress between concrete and steel
(discussed in Section 4.ZJhe pretension force in each bolt is providedArgension Force
field. The number of bolts can be providedNumber of Boltsfield and their positions can be
defined in terms of X and Y coordinates in the table provided. The default valuSsafadlard
Bolt Diametel, 'Anchor Bolt Length’,'PercentageEffective Length'and 'Pretension Forceare
provided as 1/2 in., 15 in., 50 % and O kip respectively.

6.2.1.6 Load Application

To estimate the stiffness of the connection, it is subjected to two load cases, namely gravity load
and wind loadThe gravity load case contains all the loads on the connection which are acting
due to weight of other structural components sitting on top of the connection. The wind load case
contains the loads which are acting due to windoad application panel, twsmall panels are

given forgravity or dead loads and wind or live loads respectively. Each of these panels contains
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three input fields to provide loads in thréieections.Please note that thmositive directions for
the loads are shown in the displayeen ofthe GUI. When the user wants inputa load in the
opposite direction to that of shown the display screen, he should provitiee load with a
negative sign. Also note that alkial loads in the direction of gravitghould be provided with a
negative signand the wizard works fine with the application of uplift loads

6.2.2 Menu Bar
There are four submenus in the menu bar of the GUI. The functionality of each submenu and its
options are discussed below.

6.2.2.1 File

'File' submenu consists of options which affect file properties. The options present in 'File'
submenu are shown in Figure 6THhe function ofNew is to replacehe current GUI with a new

GUI, which contains default values of all the paramet@&gen loadsany previouslysavedfile

in thecurrent wizard windowSaveAs' provides an interactive window to the ugarsavng the
currently entered data a file for future referenc@ he wser can savthe data atanylocation in

the computer with a desd file name. 'Close’ option closes the GUI. However beflasng it

asks the usewhether he want® save the data. If the user wants to save, then he can, otherwise
the wizardgetsclosed

File | View Mesh  Analysis

Mew Ctrl+M
Open  Ctrl+0
Save Az Ctrl+5
Close  ChrleW olumn Properties
W Section Type : Select Section ¥
Column Length : 24 in.
Steel Yield Strength : 30 ksi.

Grout Properties

Thickness : i in
Lzliz Modulus of 2605 | ks
icity : LELd Si.

@ NotIncluded Elasticity :
Compressive _
Strength ksi.

Figure 6.5. Options provided in File submenu
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6.2.2.2 View

'View' submenu contains various options for viewing the created model from different angles.
three

"Original’'™ View

shows the

di

mens.

onal

'YZ view' and 'XZ view' options show the orthographic views of rii@del in three different
orthogonal directions. Figure 6.6 shows the options provided by 'View' submenu.

File | View | Mesh

v | Original

,
) ] |
Pd P =
m

.-| EW

e

Analysis

v | EW

nn Properties

W zection lype : Select Section
Column Length : 24 in.
Steel Yield Strength : 30 ksi.

-

Grout Properties

Included

@ Mot Included

Thickness : 1

Modulus of

Compressive

Figure 6.6. Options provided in View submenu

6.2.2.3 Mesh

Strenagth :

Elasticity - —

in.

ksi.

ksi.

'Mesh' submenu contains two optiongmely coarse mesh or fine mesh. The type of meshing
which is chosen by the user is considered in the analysis engine.a&barse mesh is chosen,
the model is meshed into small elements having aspectasasiian 4:1 (aspect ratio is the ratio
of any two dimensions d finite element). On the otheahd, when fine mesh is chosen then

aspect ratio i¢essthan 2:1. Although, the fine mesh analysis is more accurate, it takes more time

to analyge the model. Clearly, there is a tradeoff between accuracy and time taken re.afaly
prudent call has to bemade by the user on the basisacturacy requirementhe default mesh

type provided in this wizard is coarse mesh. Figure 6.7 shows the options provided by 'Mesh’

submenu.
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File View | Mesh | Analysis

v Coarse Mesh - Aspect Ratio (4:1)
Fine Mesh - Aspect Ratio (2:1)

Column Properties

W Section Type :

Column Length : 24 in.

Steel Yield Strength : 20 ksi.

Select Section -]

Grout Properties

! Included

@ Mot Included

Thickness : 1

Modulus of
Elasticity :

Compressive

Strength :

in.

ksi.

ksi.

Figure 6.7. Options provided in Mesh submenu

6.2.2.4 Analysis

This submenyrovides the user with the options of two analysis enginepddormingthe
analysis of the built model. The two analysis engines are SAP2000 and OpenSees. Nute that
results obtained from both tpgogramsare dependent on the finite elements used for modeling
the connection. It can be seen frtime Chapter3 thattheresponses ahefinite elements in both

the programsunder certain load cases are not identical, but fairly close. This means that the final
values of stiffness and maximum bearing pressure from botbrtiggamsmay not be identical,

but they will be fairly closeThe default analysis engine for this wizard is OpenSégsre6.8

shows the optiongrovided by Analysis submenu.
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File  View Mesh | Analysis

SAP2000
¥ OpenSees

Column Length :

Column Properties

W Section Type :

Select Section -

24

in.

Steel Yield Strength : 50 ksi.
Grout Properties
Thickness : 1 in
Included Modulus of i
e 3605 =10
@ Mot Included D
Compressive B ksi
Strength : sl

Figure 6.8 Options provided by Analysis submenu

6.2.3. Action Buttons

An action button is an objeethich on clickingtriggers an event in the GUThe functioning of
each action button differs as per the requirements. Usually, the functioning of each button is
programmed in a small code known as Callback. When the action button is ctlukedllback
executes and performs a specific event. These events may be plotting data in another figure,
saving data, resetting data, etc. In this wizard, six action buttenpravidedand they are
situated at bottom right of the GUI (see Figure 6ReviewModel creates greliminary model
of the connectiorby taking the values of parameters entered by the user and displays it on the
display screen. Once a preview is teela the model is all set for the analysfsmalyse' button

executes specific analysis engine (chosen by the userAmatysis submenu), createsmaeshed

model of the connection, and perforiige analysisfor providedloads. Once the analysis is
complete therthe results areaetrievedfrom the chosen software, processed in the wizard and
displayed on thalisplay screen andutput windows (discussed in next sectioWfhen the

analysis is completdheu s e r

c a n anbthepamalysiounless he unlocks the mbgel

clicking 'Unlock’ button The savingof unsaved data and loadinfjsaved data in the GUI can be
easily done bySaveDatd and'Load Datd buttons, respectivelyPlease note thaSave As' and

'‘Open’ optios provided in 'Files u b me n

u have

t he

s a nbatd dnd'lroadt |

oni

Datd buttons, respectively and the user can use either mode to save and load the data in the GUI.
'Resetbuttoncancelsall the changes made in the default values ofpimameters ancesetthe

wizard to its default state.
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6.2.4. Display Screen and Output Windows

As mentioned in Section 6.2 these components
changes in them. In this wizarthese components display vital infaation such as preview of

the modeled connection, valuestbé stiffness and maximum bearing pressure, moment rotation
curve and bearing pressure distribution. The preview display of the model and the values of
stiffnress and maximum bearing presseen le easily interpretedHowever the other two

displays need some clear understanding as in how these plots are interpreted in this wizard.

6.2.4.1 Moment RotationPlot

One of the main outputs of this wizard is moment rotation plot for any configuratitime of
connection under flexural loading or flexugatial loading. In every moment rotation plot, the
moment plotted is the total moment which includes moments applied in both gravity load case
and wind load case and the rotation plotted is calculateddingado the procedure explained in
Section 1.4. Figure 6.9 shows a mormmaiation plot for some random configuration of the
column base connection. The symbal i& slope of the line which is tangent to the initial part of

the moment rotation curve; #@lso represents the initial rotational stiffness of the connection
which is also displayed on the output screen present beneath the label 'Stiffness' on bottom right
of the main GUI. The labels 'Rotation' and 'Moment' below the plot display the valueatafrr

and moment corresponding to present position of the mouse cursor on the plot. The label 'Secant
Stiffness’ displays the secant stiffness of any point on the curve. The secant stiffness of any point
on the curve represents the slope of a line jgirtime origin of the plot and the point of
observation. As soon as the mouse cursor is pointed to a point on the curve, it turns into a red dot
if there is a data point close by and shows corresponding moment, rotation and secant stiffness
value. The secarstiffness for the data point shown in Figure 6.9 is representedsbytch is

the slope of the line joining the point to the origin. Note that in this wizard, the rotation values
are plotted after multiplying the actual rotation values by 1000. Toageactual value of
rotation, the user must divide the values of rotation obtained from the plot by 1000.
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Moment-Rotation Plot
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Rotation: 1.372 (10%{-3} rad) Moment: 72 (Kips-in)
Secant Stiffness: 52473 (kips-in/rad)

Figure6.9. A typical momentrotation plotobtained from the wizard

6.2.4.2 Bearing Pressure DistributiorPlot

The distribution of bearing pressure on the base plate obtained from the wizard for some
configuration of the connection is illustrated in Figure 6.10. The whole copper color region
represents the base plate andrthmbers written orthogonally dheleft and bottonsides of the

plot representhe length and width of the base plaespectively The rectanglesind circles

inside the colored region show the positiongha column and bolts over the bapkate. The

color bar on the right shows the bearingggsure values varying across the base plate. For
example, dark red color represents a region of maximum bearing pressure in Figure 6.10. The
maximum value of the pressure exists somewhere in the range of 1.8 to 2 ksi. The exact value of
the maximum presse can be read from the output screen present at the bottom right of the main
GUI.
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Bearing Pressure Distribution,(Ksi.)

Base Plate Width, {inches)
=

0 2 4 B 8 10 12
Base Plate Length, (inches)

Figure 6.10. Typical layout of Bearing Pressure Distribution

6.2.4.3 Report

After each analysis the wizard displays a report which summarizes all the aspects ofiyset ana
including the inputs and outputs. The user can save this report or export it to Microsoft (MS)
Word. The report exported to MS word contains Figures 6.9, 6.10 and 6.11. Once the user
obtains the complete report as a word document, he can savenit farmat provided by MS

Word or print it. Figure 6.11 shows a typical report which is given by the wizard. The values of
the input parameters and outputs change with the configuration of the connection. As mentioned
above, the user can save this reportligking 'Save' icon or export it to MS word by clicking
'Print" icon, shown by the arrows in Figure 6.11.
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Save Report

o

Print Report to MS Word

Input

Column Properties Grout Properties

W Section Type: WG x 25
Column Length: 2400 in.
Steel Yield Strength: 50.00 ksi.

Not Included

Baseplate Properties Material Properties

Length: 12.00 in. Steel:
Width: 8.00 in.

Thickness: 0.375 in.

Steel Yield Strength: 36.00 ksi.

Poisson Ratio: 0.30 in.
Concrete:
Poisson Ratio: 0.20 in.

Loads Applied
Dead Loads or Gravity Loads

Force Global Z: -10.00 kips.
Force Global X: 0.00 kips.
Moment Global ¥ 0.00 kips_
Output

Rotational Stiffness:
Maximum Bearing Pressure:

Modulus of Elasticity: 29000.00 ksi.

Anchor Bolts Properties

Diameter: 0.50 in.

Area: 0.20 sqg.in.

Anchor Rod Length: 15.00 in.
Percentage Effective Length: 50.00 %
Pretension Force: 0.00 kips.

Anchor Bolts Positions

¥ Coordinate| ¥ Coordinate

| Bok@ s 1
| Bok@ |t 7
| Bok@) |11 i
| Bok@ |1 7

Live Loads or Wind Loads

Force Global Z: 0.00 kips.
Force Global X: 5.00 kips.
Moment Global Y- 0.00 kips.

244447 Kips-radfin.
1.98 ksi.

Figure 6.11. A typical report which is displayed by the wizard as one of the outputs

6.3 Batch Mode Operation

The batch mode operation lets a user to model the connection, perform the analysis and fetch the
rotational stiffness value without opening the GUI. The values of all the parameters of the
connection should be provided in a predefined sequence in a ndéspdite. The notepad file

and saved into the installation folder of the wizard. The batch
is shown in Figure 6.12. An executable script specially written

should be named &atch.txt'
mode input file'Batch.txt'
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for batch mode operation extracts théuea of different parameters from the batch mode input
file, models a connection, performs an analysis and calculates a rotational stiffness. Further
details of the working of the batch mode operation can be found Apiendix C.

i '

mj Batch - Motepad = | E 2

File Edit Format View Help

*Column Properties
WEx24

60

56

*Grout Properties
Y
0.9

3606
32

m

*Base Plate Properties
14

12

0.575

58

*Material Properties
“5teel

31000

0.45

*Concrete
0.33

*anchor Bolts Properties

0.625

0.504

20

60

15 -

4 [

Figure 6.12 A batcmode input file

This chapter discussed the development process of the GUI or the wizard developed for this
research and outlined its functioning. A detailed discussion of the working of the GUI can be
found in theAppendix C Please note again that arstalone version of the GUI or the wizard is
created which enables the user to run the wizard on any computer without having MATLAB
installed on it. The instructions for installing the standalone version of the wizard are also
provided in theAppendix C The next chapter presents some parametric studies that are done
with the wizard.
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Chapter 7 Parametric Studies

7.1 Factors affecting the Stiffness of the Connection

This chaptempresend someparametric studiethat aredone with the wizardThe last section of
this chaptecompareghe resultobtained from the wizardith some of the experimentadsults,
which are presented in Section 2.6

First objective should be to find the parameters which significantly affiecstiffness of the

connection.Please note that the wordiffness here and wherever used in this thesmsans the

initial tangent stiffness obtained from a moment rotation f@gtlooking atthe past researches
done on the columbase connection, a list of important paetens can be presented below.

Gravity load prior to application of lateral load
Base plate thickness

Bolt Size

Number of Bolts

Effective length of bolt

Position of Bolts

Column Size

Presence of Grout

=A =4 4 -4 -4 4 -5 9

Some other parameters like pretension in the bolts, degree of tapering, type of meshing and
selected analysis engine are treated separately. For performing the parametric studies, a reference
configuration of the connection was taken (see Figure 7.1).r8fieeence configuration has a
W6X25 column stub. The length of the stub is 2 ft. The base plate attached to the column stub
has a length of 12 in, a width of 8 in and a thickness of 0.375 in. A standard diameter of 1/2 in is
taken for the bolts and the dmmr rod length is taken as 15 in. The coordinates of the anchor
bolts on the base plate are shown in 'Bolts Position' panel in Figure 7.1. Material is steel for the
column, base plate and bolts, which has a modulus of elasticity 29000 ksi and poissoh ratio
0.3. Yield strengths for the steel used for the column and base plate are 50 ksi and 36 ksi
respectively. The percentage of length of the anchor rod which is effective in providing stiffness
is taken as 50 %. A coarse mesh typehssen fromthe 'Mesh submenu and OpenSeés
chosenas analysis engine fromhme 'Analysis'submenu. A lateral load of 5 kips and an axial
compressive load of 10 kips are applied to the column stub. Note that complesdiveust be
entered with a negative sign.

Wheneverthe effect of a specific parameter had to be observed, the value of the considered
parameter was varied and everything else was kept same in the reference configuration. The
above mentionegarameters and their effedn the stiffness of the connection will be discussed
oneby-one in subsequent sectioMote that each parametric study presented below contains a
momentrotation plot obtained from the wizard and a table which contains the values obtained
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for the rotatimal stiffness and maximum bearing pressure. Every moment rotation plot is also
followed by a zoomed in moment rotation plot which magnifies the initial part of the observed
moment rotation curve. Some zoomed in plots may not show the origin and insteaa eéry

small nonzero number at the bottom left of the plot. This may happen when the data points in the
initial region are too close. A detailed explanation on interpreting the menatation plot of

this wizard can be found in Section 6.2.4.1.

File View Mesh  Analysis k)
Column Base Connection
Column Properties BoltProperties——————  Display Screen for Model
W Section Type : WE = 25 - Standard Bolt Diameter : 12 - in.
Column Length : 24 o Bolt Area: | 01983 | sq.in. /7
Achor Bolt Length : 18 in [P (il 038
Steel Yield Strength : 50 ksi. B = -
Percentage Effective Length: 50 %
Grout Properties Pretension Force : 0 kips.
Thickness : Bolts Position
i Mo. of Bolts - 4 Quter Flange —» =<—Inner Flange
= Included Modulus of [
@ NotIncluded EEEEy 0 [kt X Coordinate| Y Coordinate
Compressive - Bolt (1) 1 1
Strength - Sl. Bolt2) |1 7
= Bolt(3) |11 1
—— Base Plate Properties z
z for) 1 w1
Length - 12 in. X
Width - a ) — ) .
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Thickness - 0375 in — Dead Load (Gravity Load) ———————— (kips-inirad.) (ksi.)
Steel Yield B Force GlobalZ | _1p kips.
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- Force Global X | 0 kips. QOutput Screen Output Screen
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Steel:
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25000 ksi. Force Global Z 0 oo EF'rewew Model Analyse Unloc
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Poisson Ratio : 03 ) Force Global X 5 Kips.
Concrete :
) s e Moment Global Y = 0 kips-in l Load Data \ Save Data I Reset ‘
Poisson Ratio : 0.2

Figure 7.1. Test Configuration for observing effect of Axial Load on the Connection Stiffness

7.1.1 Axial Load

Picard and Beaulieu (1985) found out that the presence of axial loads has a very significant effect
on the behavior of the connection under flexucading. A connection was found out to be
having higher stiffness under a flexure test when it was subjected to compressive axial load and
vice versa. In actuality, the application of a compressive axial load delays the uplifting of the
base plate under flere. In the 'Load Application' input panel, an axial gravity load and a lateral
wind load were applied on the connection. The compressive axial load was varied from 5 kips to
20 kips, keeping other connection details same as of the reference config(sago8ection

7.1). Figures 7.2 and 7.3 display a family of moment rotation curves obtained from the wizard,
each curve corresponds to a unique value of axial load. It can be clearly observed from the
Figures 7.2 and 7.3 that the stiffness of the connedightly increases with the increase in
axial compressive loadlhe values obtained for the stiffness and maximum bearing pressure
obtained from the wizard at various compressive loads are summarized in ThAbIEhé&
possible reason for the irregulaifsbetween the curves (see Figure 7.3) can be attributed to the
nonlinear interaction between the flexure deformation and compressive deformation of the
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connection. This may also be seen from the values of maximum bearing pressure. These values
are na unformly spaced but vary namiformly with a uniform increment of 5 kips of axial load.
Please note that the initial part of any moment rotation curve for compression flexure loads
corresponds to the response of the base plate under the effect of corapeisdiad only. The

first kink (or point of sudden slope change) in the moment rotation curve represents the point at
which the base plate starts to lift up. At this stage, major part of the base plate remains in contact
with the footing or grout. Theesond kink which can be subtle in some curves represents the
point at which major part of the base plate lifts off and loses contact with the footing or grout.

Table7-1. Values of Stiffness and Maximum Bearing Pressure obtainedtiwowizard for
different Compressive Loads on the Connection

Compressive Load (kips.) | Rotational Stiffness (kipsin/rad.) | Max. Bearing pressure (ksi.)
5 244408 1.73
10 244447 1.98
15 244460 2.15
20 244474 2.29

Lateral Load = 5 kips

140 T T
120 7
100 7
£
*
3 | -
3 80
g 60r Compressive load
Eo on the Connection
401 5kips | |
10 kips
29 i — 15 kips | ]|
/) = 20 kips
0 pd | | | | | 1
Zoom in viewd 0.5 1 15 2 25 3 35
See Fig. 7.3 Rotation,(8 * 10 rad)

Figure7.2. Moment Rotation Curves for differe@bompressive Loads on the Connection
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Lateral Load = 5 kips
T T

1.323 ‘ ‘ T
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1.3195 Skips | ]

10 kips
1.319 s 15 Kips |
1.3185 — 20 kips | |

531 532 533 534 535 536 537 538 539 54
Rotation, (0 * 102 rad) x10°
Figure 7.3. Zoom in view of Figure 7.2

7.1.2 Thickness of Base Plate

Hon and Melchers (1988) showed that thicknefsthe base plathas asignificant effect on the
stiffness of the connection, specifically when the base plate is thin. For thinner base plates,
yielding ofthebase plate governs the failure mechanism of the connection under flexure test. For
thicker plates, bolt failure goves the behaviofTo observe the influence of the thickness of the
base plate on the stiffness of the connection, the thickness was varied and everything else was
kept same in the reference configuration (see SectionFHidres 7.4 and 7.5 display a st
moment rotation curves obtained from the wizard, each curve corresponds to a unique value of
thickness of the base plate. It can be clearly observed from the Figures 7.4 and 7.5 that the
stiffness of the connection increases with increase in the tlsslofeéhe base plat&hick plaes

are stiffer than thin plates, hencentribute more to the stiffness of thennection The values
obtained for the stiffness and maximum bearing presgurdifferent thicknesses of the base
plateare presented ihable7-2.

Table7-2. Values of Stiffness and Maximum Bearing Pressure obtained from Wizard for
different Base Plate Thicknesses

Base plate Thickness Rotational Stiffness Max. Bearing Pressure
(in.) (kips-in/rad.) (ksi.)
0.375 244447 1.98
0.5 277935 1.67
0.625 310339 1.44
1 410241 1.01
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Lateral Load = 5 kips & Compressive Axial Force = 10 kips
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Figure7.4. Moment Rotation Curves for different Base Platécknesses

Lateral Load = 5 kips & Compressive Axial Force = 10 kips
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Figure 7.5. Zoom in view of Figure 7.4

7.1.3Bolt Size

Hon and Melchers (1988) showed that as the bolt size increases, the stiffnessooingetion

also increases. To observe the influence of the size of the anchor bolts, the anchor bolt diameter
was varied from 1/2n. to 1 in., keeping other connection details same as of the reference
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configuration (see Section 7.1). Figures 7.6 and holvsa set of moment rotation curves
obtained from the wizard. Each moment rotation curve corresponds to a unique bolt diameter.
can beobserved from the Figures 7.6 and That the stiffnes®f the connection increases
slightly as thebolt size increass from 1/2 in. to 1 in. nominal diamet@&ihis trend is observed
because the stiffness of the anchor bolt is directly proportional to the area of the bolt (Equation
4-1, Section 4.2) or in other words the diameter of the bolt. Since the stiffness of a bol
contributes to the stiffness of the whole connection, hence with increase in bolt diameter, the

stiffness of connection

increasébe values othe stiffnessand maximum bearing pressure

obtained fronthe wizard fodifferent bolt sizesre shownn table 73.

Table7-3. Values of Stiffness and Maximum Bearing Pressure obtained from Wizard for

different Bolt Sizes

Bolt Diameter Rotational Stiffness Max. Bearing Pressure
(in.) (kips-in/rad.) (ksi.)
1/2 244447 1.98
5/8 244499 1.97
3/4 244537 1.97
7/8 244565 1.96
1 244586 1.96
140 Lateral Load = 5 kips & Compressive Axial Load = 10 kips
120 i
100 .
;Z-i 80 .
:.E,' 60k Nominal Bolt
E Diameter (in.)
= 172
401 5/8 | |
3/4
2:3,— 78 | |
0\ /) I I L !
Zoom in Viewo 0.5 1 1.5 2.5 3
See Fig. 7.7 Rotation, (0 * 10 rad)

Figure7.6. Moment Rotation Curves for different Bolt Sizes
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x10"®  Lateral Load = 5 kips & Compressive Axial Load = 10 kips
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Figure 7.7. Zoom in view of Figure 7.6

7.1.4Number of Bolts

The anchor bolts resist the uplift of the base plate resulting due to bendinfguitdsthat more

the number of bolts attached in the connection, the greater is the stiffness of the connection. For
performing this parametric study, the bolt configuration is changed every time a new analysis is
performed, however other connection detarks kept same as of the reference configuration (see
Section 7.1). The considered bolt configurations are summarized in TdblBiGures 7.8 and

7.9 display a set of moment rotation curves obtained from the wizard. Each curve corresponds to
a unigue nurpber of anchor bolts. Table-Y presents the values of the stiffness and maximum
bearing pressure obtained from the wizard for different number of anchor bolts in the connection.
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Table 74. Different bolt configurations considered for obsentimg effect of number of bolts on
the stiffness of the connection

Bolt Configuration Bolt Number X Coordinate Y Coordinate
1 6 1.5
Two Bolts
2 6 6.5
1 1.5 1.5
2 1.5 6.5
Four Bolts
3 10.5 1.5
4 10.5 6.5
1 15 15
2 15 6.5
, 3 6 1.5
Six Bolts
4 6 6.5
5 10.5 1.5
6 10.5 6.5
1 15 15
2 15 4
3 15 6.5
Eight Bolt 4 ° LS
[ olts
J 5 6 6.5
6 10.5 1.5
7 10.5 4
8 10.5 6.5

Table7-5. Values of Stiffness and Maximum Bearing Pressure obtained from Wizard for
differentnumber of Bolts

Number of Bolts Rotational Stiffness Max. Bearing Pressure
(Kips-in/rad.) (ksi.)
2 241096 2.04
4 244447 1.98
6 246022 1.96
8 249080 1.88
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Lateral Load = 5 kips & Compressive Axial Load = 10 kips
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Figure7.8. Moment Rotation Curves for differenumber of Bolts
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Figure 7.9. Zoom in view dfigure 7.8

7.1.5Effective Length of Anchor Bolts
The effective length of the anchor bolts is defined as the percentage of anchor bolt length
effective in resisting the uplift of the baseplate. It depends on the variation of bond stress
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between the foundation and anchor bolts. Please refer to Section 4.2 for detailed explanation of
the effective length. To observe the influence of effective length of the anchor bolts on the
stiffness of the connection, the percentage effective lengthveuwdesd from 40 % to 100%,
keeping other connection details same as of the reference configuration (see Section 7.1). Figures
7.10 and 7.11 show a set of moment rotation curves obtained from the wizard. Each curve
corresponds to a unique value of percentage tefeetength. It can be observed from the above
mentioned figures that the stiffness decreases with increase in the percentage effective length.
This trend was expected as per the definition of the anchor bolt stiffness in this wizard.
According to Equatiord-1, the stiffness of an anchor bolt decreases with an increase in
percentage of the anchor length which is effective. Since the stiffness of an anchor bolt
contributes to the stiffness of the connection, hence the stiffness of the connection dectieases wi
increase in percentage effective length. Tablé @resents the values of the stiffness and
maximum bearing pressure obtained from the wizard for different percentages of effective
length.

120 Lateral Load = 5 kips & Compressive Axial Load = 10 kips

100

o
o
T

Percentage Effective

Moment, (Kips*in)
o
o

Anchor Length
40
40 %
60 %
210': h —80% | |
\ e ) 1 1 1 1 1 1 1 00 %
Zoom in view 0.5 1 1.5 2 2.5 3 3.5
See Fig. 7.11 Rotation,(6 * 103 rad)

Figure 7.10Moment Rotation Curves for differepercentagesf effective length
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x 10"  Lateral Load = 5 kips & Compressive Axial Load = 10 kips
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60% | |
e 80 %
100 % | |
2.65 2.655 2.66 2.665
Rotation,(6 * 10° rad) x 10%!

Figure 7.11. Zoom in view of Figure 7.10

Table7-6. Values of Sffness and Maximum Bearing Pressure obtained from Wizard for
differentpercentages of effective length

Percentage Effective Length| Rotational Stiffness (kipsin/rad) Maximum Bearing
Pressure (ksi.)
40 244473 1.98
60 244426 1.98
80 244395 1.98
100 244371 1.98

7.16 Location of Bolts

To observe the effect of location of the bolts, two configurations were taken as shown in Figure
7.12 and Figure 7.13. It can be seen from the moment rotation plots obtained from the wizard for

the two configurations (see Figures 7.14 and 7.15) that wheerarichor bolts were present

within the flange, the stiffness of the connection was found larger than when they were present
outside the flanges. The above described trend is not always true. The stiffness and bearing
pressure values also depend upon the ef the base plate and column section in addition to

| ocation of the bolts; hence one canbét gener a
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Figure 7.12. Positions of bolts inside the flanges of the Column
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Figure 7.13. Positions diolts outside the flanges of the Column

Table7-7. Values of Stiffness and Maximum Bearing Pressure obtainedtfreWizard fortwo

differentconfigurationsof Bolts

Location of Bolts

Rotational Stiffness
(Kips-in/rad)

Max. Bearing Pressure (ksi.)

Inside Flange

252385

1.91

Outside Flange

246436

1.91
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Lateral Load = 5 kips & Compressive Axial Load = 10 kips
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Figure7.14. Moment Rotation Grves for two different configurations of Bolts
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Figure 7.15. Zoom in view of Figuig14

7.17 Column Size
Hon and Melchers (1988) showed that as the column size increases, the stiffness of the

connection also increases. Four different configurations of the connection were selected; each
had a different wide flange section as a column section type. The otags dere kept same as

of the reference configuration (see Section 7.1). Figures 7.16 and 7.17 show a set of moment
rotation curves obtained from the wizard. Each moment rotation curve corresponds to a unique
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column section typeFrom thecurvesit can beseen that ashe column size increases from

W4X13 to WBX24, the stiffness also increas@dis trend is observed as the lever armiifd

Figure 1.4) for calculating the rotation increases with increase in column size. The increase in
lever arm decreases the measured rotation for a given flexure load or in other words increases the
stiffness.The valuedor the stiffnessand maximum bearg pressure obtained from the wizard

for different columrsectionsare shown in Table-8.

Table7-8. Values of Stiffness and Maximum Bearing Pressure obtainedtf@ewizard for
different Column Sections

Column Section Rotational Stiffness Max. Bearing Pressure
(kips-in/rad.) (ksi.)
W4X13 72850 3.08
W5X19 107407 1.84
W6X25 244447 1.98
W8X24 391170 1.72

Lateral Load = 5 kips & Compressive Axial Load = 10 kips
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Figure7.16. Moment Rotation Curves for different Column Sections
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Lateral Load = 5 kips & Compressive Axial Load = 10 kips
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Figure7.17. Zoom in View of Figure 7.16

7.18 Presence of Grout

The presence of the grout underneath the base plate does not affect the stiffness of the connection
much but there is little decrease in the value. However, it has a drastic effect on the bearing
pressure acting on the base platehé grout is preserteneath the baseplatieen compression

in the base plate spreads more effectively over the grout surface areeeslitiis in increase in

bearing area and decrease in bearing pressure acting on the base plate. For performing this study,
the default valuesf the grout parameters are taken to model the grout underneath the base plate.
The above mentioned observations are validated from the moment rotation curves and maximum
bearing pressure values obtained from the wizard. TaBlshows the stiffness andawimum

bearing pressure values obtained from the wizard for the connection with and without grout.
Figures 7.18 and 7.19 show the moment rotation curves for the two types of connection.

Table7-9. Values of Stiffness and Maximum Bearing Pressure obtdéinedWizard for with
and without Grout

Grout Rotational Stiffness Max. Bearing Pressure
(kips-in/rad.) (ksi.)
Not Included 244447 1.98
Included 204906 1.81
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Lateral Load = 5 kips & Compressive Axial Load = 10 kips
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Figure7.18. Moment Rotation Curves for the Connection with Grout and without Grout
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Figure 7.19. Zoom in view of Figure 7.18

The possible reason behind the decrement in the value of the stiffness in case of including grout
is the flexibility provided by the growdue to its unconfined constructiolm compression, the

grout deformsthrough its thicknessand cracksamay develop orthe edgestherebyallows the

base plateo deform further While in case of excluding the grout, the connection directly sits on
the footingwhich has a lot more stiffness to resist any downward movetmetduse it is
confinedfrom every sideby the soil The grout can be used very effectively wherever possible. It
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is seen that the bearing pressure acting on the base plate can be reduced drastically by using
grout without significantly compromising thefétess of the connection.

7.2 Effects of Tapered Column Section on the Stiffness of the Connection

In light metal buildings, the maximum moment in each frame is present at the knee of the frame
as shown in the Figure 7.20. To provide more flexural capatithe knee joint, the column
sections are tapered with increasing total depth from bottom to top. To observe the effect of the
tapering on the stiffness of the connection, four different configurations of the connection were
taken, each had a uniqueésed section. Each configuration had all the details same as of the
reference configuration (see Section 7.1) except the tapered column section properties. In tapered
column section properties, a flange width of 6.08 in., a flange thickness of 0.4b web
thickness of 0.32 in. and a total thickness of 6.38 in. at the bottom of the column were taken.
These dimensions were the common values in all the configurations. The only parameter which
was varied was total depth at the top of the column. Talle @resents the values for the
stiffness and maximum bearing pressure obtained from the wizard for different values of total
depth at the top of the column. Figures 7.22 and 7.23 show a set of moment rotation curves.
Each curve corresponds to a uniqueltdepth present at the top of the column stub. It can be
observed that with the increase in tapering the stiffness of the connection decreases. This can be
explained by the fact that the loads in this wizard are applied at centroid of the cross section at
top of the column and the centroids of the top and bottom cross section do not lie on the same
vertical line. Figure 7.21 display a general schematic of a tapered section configuration. The
centroid at the top and bottom are represented{®n@ G respetively. The line of application

of a gravity load applied at{Gloes not pass throughsC Since the stiffness in this wizard is
measured at the base of the column stub. Hence any gravity load applied on the tapered section
in this wizard would create additional moment.

Knee of the Frame

N

(

Figure7.20. Knee of Gable Frame
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Table7-10. Values of Stiffness and Maximum Bearing Pressure for Tapered Sections

Web Depth at Knee Joint| Rotational Stiffness | Maximum Bearing Pressure
(in.) (Kips-in/rad.) (ksi.)
6.4 232732 1.98
8.4 231162 2.19
10.4 213281 2.49
12.4 163644 2.86

P
C1 (Centroid at the
Top)

CB (Centroid at the
Bottom)

N\

Figure 7.21. Point of application of load in the wizard in case of tapered section
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Lateral Load = 5 kips & Compressive Axial Load = 10 kips
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Figure7.22. Moment Rotation Curves for Tapered Sections with different Web depths at the
KneeJoint
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Figure 7.23. Zoom in view of Figure 7.22

When a lateral load of 5 kips and a gravity load of 10 kips were applied then with increase in
tapering, the lever arm (the distance betwegrar@ ) increased. As a result of which the
section having th largest taper is subjected to maximum moment due to gravity load. Since the
stiffness is load dependent, hence larger moment results in lesser stiffness of the connection.
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7.3 Effect of Pretensioned Bolts on the Stiffness of the Connection

When a columrbase connection is subjected to a moment load or a lateral load, it results in
uplift of the base plate from load application side of the connection (as shown in the Figure 7.24)
Anchor bolts play their part by resisting that uplift. When anchor boltpm@atensioned, then

their ability to resist deformation increases and the uplift is delayed. In another words connection
becomes stiffer in general, however there is very little effect of pretensioning on the
configuration of the connection before the upld of the base plate. Hence the initial rotational
stiffness values with and without pretensioning are not that far apart. This wizard also provides
the facility to model the connection with pretensioned bolts. The user can enter a value of
pretensioningorce for all the bolts in 'Bolt Properties' panel. Figures 7.25 and 7.26 validate the
above explained behavior of the connection under pretensioned. The moment rotation curves
with pretension and without pretension bolts are initially very close. Tghtlglilower initial
stiffness shown by the curve having pretension bolts can be attributed to the local deformation in
the base plate resulting due to pretensioning (or clamping). However after certain load level the
curve without pretension (representedidue line) overtakes the curve with pretension and at
the end of the load application exhibits bigger final rotation. Takld 8how the values of
stiffness and maximum bearing pressure obtained from the wizard.

M

e —

/

a>
>N

Figure 7.24. Uplift of the base platéthe connection under flexure load
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Table7-11. Values of Stiffness and Maximum Bearing Pressuréhi®iConnection with or

without Pretensioned Bolts

Pretensioned Bolts

Rotational Stiffness (kipsin/rad) | Max. Bearing Pressure (ksi.)

No 244447 1.98
Yes 221580 3.50
120 Lateral Load = 5 kips & Compressive Axial Load = 10 kips
100 .
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03]
o

N
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Figure7.25. Moment Rotation Curves faonnection with and without pretensioned bolts
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Figure 7.26. Zoom in view of Figure 7.25
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7.4 Effect of Meshing on the Stiffness of the Connection

This wizard uses finite element analysis for ragting the stiffness. One of the most critical
components of any finite element analysis is the size of the finite elements or mesh size. This
wizard provides the usevith the capability to change the meshing of the connection. The two
meshing types that are provided in the wizard are listed below.

1 Coarse Mesh: This type of meshing mode when selected, creates a mesh of aspect ratio
4:1. This means that the ratio of any tdimensions of a finite element in the model does
not exceed the ratio 4:1.

1 Fine Mesh: This type of meshing mode when selected, creates a mesh of aspect ratio 2:1.
This means that the ratio of any two dimensions of a finite element in the model does not
exceed the ratio 2:1.

In finite element analysis, a shape function is a mathematical expression which represents the
variation field of any observed quantity. Some of the observed quantities are displacement,
stresses, strains, etc. While performing analyssually smaller finite elements give more
accurate results compared to coarser elements as the shape functions have to capture the
observed quantity in a smaller region. Due to smaller domain of the observation, the error
between the true behavior of thariable and the assumed shape function reduces, which results

in more accurate analysis.

Everything is kept same as before to observe the difference in results when both types of
meshing are used for the same configuration of the connection (see Settiondetails of the
configuration). Figures 7.27 and 7.28 shows the moment rotation curves obtained for the two
types of meshing. Table-I2 shows the values of stiffness and maximum bearing pressure
obtained from the wizard.

Table7-12. Values of Stifness and Maximum Bearing Pressure for Coarse and Fine Meshing

Meshing Type Rotational Stiffness (kipsin/rad) | Max. Bearing Pressure (ksi.)
Coarse 244447 1.98
Fine 219639 2.15
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Lateral Load = 5 kips & Compressive Axial Load = 10 kips
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Figure7.27. Moment Rotation Curves for Fine and Coarse Meshing
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Figure 7.28. Zoom in view of Figure 7.27

From theTable 71 and Figures 7.27 and 7.28, it can be seen that there is not a considerable
difference in the values of stiffness and maximum bearing pressure for the two meshing types.
Although the consleration of fine mesh gives more accurate results, it takes a lot of time to
analyze in comparison to coarse mesh type.
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7.5 Analysis Engine: SAP2000 vs OpenSees

Thewizard uses either OpenSees or SAP2000 as its analysis ehgimeake sure that theser

gets the same stiffne$om the two programs for a configuration of the connegtiba finite
elements used for modeling the connection in botlptbgramswvere tested under different load
cases The results of these tests are discussed in Chapters concluded from those tests that

the responses of the finite elements used for modeling the connection in both the programs are
not identical but they are close. Hence it is expected that the stiffness obtained from the two
analysis engine will bealifferent. Figures 7.29 and 7.30 show the moment rotation curves
obtained from the wizard when both the programs were selected as analysis engines for the
reference configuration of the connecti@ee Section 7.1). TableIB summarizes the stiffness

value calculated from each program. It can be observed that the moment rotation responses from
the two programs are fairly close and the stiffness values are within 10% error. Again the
possible reason for the difference in values can be attributed to theedd€ in responses of

finite elements under nonlinear behavior of the connection.

Lateral Load = 5 kips & Compressive Axial Load = 10 Kips
120 T T T T T

100 .

Moment,(Kips*in)
[=2] (o]
o o

N
o
T

I

/ \ OpenSees
| ] SAP2000
0=~ ‘ ‘ ‘ ! I
Zoom in view? 0.5 1 1.5 2 25 3
See Fig.7.30 Rotation,( * 10 rad)

Figure 7.29. MomeriRotation Curve$rom OpenSeeandSAP2000
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x 10° Lateral Load = 5 kips & Compressive Axial Load = 10 kips

Moment,(Kips*in)
o n

-
T
1

05¢ OpenSees| |
——— SAP2000
0 | | | | | | |
0 1 2 3 4 5 6 7
Rotation,(6 * 10 rad) x 107

Figure 7.30. Zoom in view of Figure 7.29

Table7-13. Values of Stiffness and Maximum Bearing PuegefromOpenSees and SAP2000

Analysis Engine Rotational Stiffness (kipsin/rad) | Max. Bearing Pressure (ksi.)
OpenSees 244447 1.98
SAP2000 220496 2.15

7.6 Comparative Studies

To access the degree of accuracy of the results obtained from the columoobasetion

wizard, its results are compared to the results obtained from the experimental tests done in the
past. The typical methodology which was followed for doing this kind of study was to enter the
values of different parameters in the wizard as tdkea particular experiment to model the
connection. The modeled connection was then analyzed under load values which were taken in
the experimental testing. The comparison was made between the nrrotagoh curves
obtained from the test and the wizafdhe initial rotational stiffness values are calculated from

the respective momeimbtation curve and plotted along with the moment rotation curves for the
purpose of comparison. The following sections compare the moment rotation curves obtained
from some slected analytical methods and experiments with the moment rotation curves
obtained from the wizard. These selected experiments and analytical methatsanentioned

in Section 2.6Note that this wizard is developed for predicting the initial rotafistiffness of

the connection only and the plastic behavior of any component is not taken into account.
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7.6.1 Comparison with Picard and Beaulieu (1985)

Picard and Beaulieu (1985) performed a number of flexure and comprésgiome tests with

different configurations of column base connection to observe its behavior. They used the
moment rotation curves obtained from their te
for each type of base connection. The fixity factor is equal to 1.0 féeqblgrrigid connection

and O for perfectly pinned connection. Each test was performed till the failure point of the base
connection. The failure modes mainly consisted of either yieldinipe base plate or tensile

failure of the anchor bolts. Other thdahese, crushing othe concrete due to excessive
compression and splitting failure thfe concrete due to pull out forces were also seen in some of

the testsAfter observingthe moment rotation curves of all the tests, one thingbexclear that

one canot directly compare the r esuHewizardf r om t
does not take account of these failure modes. In this comparativetiséiditial portion ofthe

moment rotation curvebtainedfrom a test was compared withthe moment rotation curve

obtained from the wizardn any ultimate failure test, the load is increased till the failure point.

In the initial part of any moment rotation cunajery componentf the connectiorbehaves

elastically since intially the loads remain under service load condition. Hence if we calculate

the stiffness from the initial part of any ultimate failure moment rotation curve, we would get an
elastic rotational stiffness for the connection. However when the load is iedrieagond service

load condition, some of the components start behaving inelastically and demonstrate plastic
behavior and this wizard doesndét have the cap

7.6.1.1 Comparison with Flexure test of Picard and Beaulieul©85)

The values of various parameters which are entered in the wizard for the flexure test are shown
in Figure 7.31. Figure 2.10 is shown again a
curve and estimated stiffness plotted on it. In Figure 7182 ctrves represented by the black

line and blue dotted line are the moment rotation curves corresponding to the flexure test and
wizard respectively. In addition to the above mentioned moment rotation curves, the estimated
stiffness by Picard and Beauliewizard and Galambos (1960) are also plotted in this figure.

Table 714 summarizes the values of the stiffness obtained from each source.
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Table %14. Values of Initial rotational stiffness obtained from different sources for the flexure
test performed by Picard and Beauli@9g5)

Source Initial Rotational Stiffness (kipg/rad.)
Picard and Beaulieu (1985) 58236 (*Actual)
Wizard 101263
Galambos (1960) 298205

From the Figure 7.32 and Tablel4, it can observed that the stiffness calculated by the wizard
is higher than the actual stiffness and is lower than the stiffness calculated by Galambos.

7.6.1.2 Comparison with CompressionFlexure test of Picard and Baulieu (1985)

The values of various parameters which are entered in the wizard for the Compilegsien
test are shown in Figure 7.33. Figure 2.11
moment rotation curve and estimated stiffness plotteditonn Figure 7.34, the curves
represented by the black line and copper colored line are the moment rotation curves
corresponding to the compressifbexure test and wizard respectively. In addition to the above
mentioned moment rotation curves, the estadastiffness by Picard and Beaulieu, wizard and
Eurocode 3 are also plotted in this figure. Tabl&57summarizes the values of the stiffness
obtained from each source.
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Figure 7.33. Values entered for different parameters as taken by Picard and Beaulieu
compressiosflexural test
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Compressive Axial Load = 142.19 kips & Ultimate Moment = 1707.31 kips-in
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Figure 7.34Moment Rotation Curves for compressibexure test obtained from the Test and
the Wizard

Table %15. Values of Initial rotational stiffness obtained from different sources for the
compressiosflexure tesiperformed by Picard and Beaulieu (1985)

Source Initial Rotational Stiffness (kip/rad.)
Picard and Beaulieu (1985) 402288(*Actual)
Wizard 490021
Eurocode 3 529708

From the Figure 7.34 and Tablel3, it can observed that the stiffness calculated by the wizard
is higher than the actual stiffness and is lower than the stiffness calculated by Eurocode.

It can be seen from the Figures Zahd 7.3 that the values othe stiffness predicted by the

wizard are in good correlation with the two testhie wizard performance can be further
improved if it is calibrated more efficiently. For an efficient calibration, lots of experimental data

is required. The experimentaltdacan be acquired by performing tests. The tests performed in

the past by various researches do not have the relevant data which can be used for the calibration
or i f it exists then itds not systemdeastingal |y
to improve the performance of this wizard. The next chapter concludes this research by
summarizing each chapter and discusses some issues that are not currently included in this
wizard.
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Chapter 8 Conclusions

The sole objective of this reseangfoject is to find the rotational stiffness of any configuration

of the columrbase connection. The research is mainly focused on finding the "initial" stiffness
of the connection. To meet the objective, a systematic approach is followed, as described by
Chapters 1 through 7. The final outcome of the project is a wizard that calculates the rotational
stiffness of any configuration of the colurbase connection using SAP2000 or OpenSees.

Chapter 1 introduces the objective of the research. The behaviw cbmnection under flexural
loads is discussed. The procedure used in this research to calculate the stiffness of the connection
is also presented.

Chapter 2 presents the past studies and experiments that are done on théaskinonnection

to undersand its fixity behavior. The connection is classified as pinned, fixed and partially
restrained on the basis of the amount of restraint provided. The methods currently used for
designing of the base plate for axial loads are also summarized. Analyticatlpres such as
Galambos (1960) anHurocode 3 EN-19931-8) are described in detail and their applicability is
shown in finding the stiffness of a connection. Finite element models of the connection
investigated by various researchers are also presentieid iiterature review.

Chapter 3 investigates the finite elements present in SAP2000 and OpenSees which are used for
modeling of the column base connection. The main elements selected for modeling the
connection are shell elements and brick elemenk®ih the programs. The elements are tested

for three different load cases, namely gravity, moment and gravity plus moment. The observed
response is the deformation of each finite element in both the programs. The following
conclusions are obtained by tlesting.

1 The shell element iboth theprogramsgives different deformations along the length of
the base plate when a highly nonlinear force deformation relationship is assigned to the
spring elements and the base plate is subjected to a moment load.

1 Itis also found out that the brick element in OpenSees deforms less in comparison to
brick element of SAP2000 under gravity load.

As a result of the above testing conclusions, it is expected that the stiffness calculation from the
two programs will not be extly same, but it will be close enough (within 10%).

Chapter 4 describes the development process of the preliminary models of the connection in
SAP2000 and OpenSees using various finite elements. A large number of models were created to
obtain the best repsentative model of the actual connection. The models were tested under
various load cases to understand the behavior of a real connection. The assumptions and
methodology followed for the modeling are also described in detail in this chapter.
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Chapter 5 dscribes the ways in which one can access SAP2000 and OpenSees from MATLAB.
The MATLAB scripts which are used by the wizard to automatically create a model and perform
an analysis in SAP2000 or OpenSees are also described briefly.

Chapter 6 presents thewiklopment process of the GUI developed for this wizard. The different
met hods for devel oping GUI &6s are discussed.
major components, namely input panels, menu bar, action buttons and display screen and Output
windows. Each of the components and its role in the GUI is discussed briefly. More details of the
functioning of the wizard can be found in thppendix C

Chapter 7 lists some parameters which significantly affect the stiffness of the connection. A
reference configuration is defined for performing a number of parametric studies. The effect of
each parameter is observed by the moment rotation plot obtained from the wizard. For each
parameter one plot is obtained, which contains a set of moment rotati@s.cikach moment
rotation curve in this plot corresponds to a unique value of the observed parameter which is
being varied. While varying one parameter other details are kept same as of the reference
configuration. The later part of this chapter compdnesresults obtained from the wizard with

some of the tests done on column base connection. It is observed that the results obtained from
the wizard correlated well with the tests used for comparison.

In conclusion, this researaxplores the behavior oblumn base connection by formulating a
systematic approach to find its initial elastic rotational stiffness. To fulfill the objectives of this
research, a wizard is created to predict the stiffness value for any typical column base connection
configuration Along with the value of stiffness, a moment rotation plot and a bearing pressure
plot for each configuration can also be obtained from the wizard.

8.1 Scope for Future Research

1 Inclusion of plastic mechanism in the modelRight now the wizard only pdicts the initial
stiffness of the connection, where most of the components of the connection behave
elastically. Under high loads, various components start to behave nonlinearly and usually
plastic behavior can be observed. Currently, the wizard onlgresBnear elastic materials to
the finite elements. Therefore, under high loads, the mechanism like plastic deformation is not
observed in this wizard. To get the true behavior of the connection under the loads close to
ultimate strength, &éinite elementmodel has to be developed to take account of mechanisms
such as yielding of the base plate, crushing of the concreteltagcfinite element model
should contain nonlinear shell and brick elements to incorporate plastic mechanismsadalescribe
above.Currently, OpenSees and SAP2000 do not have nonlinearosheltk finite element,
therefore the expansion of this research on current procedure is somewhat restricted.

1 Replacing OpenSees and SAP2000 with custom finite element prografrhe restiction of
the wizard that is mentioned in the above point can be removed by replacing OpenSees and
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Sap2000 with the finite element program developed by Dr. Charney at Virginia Tech. This
programcan be customized to incorporate plastic mechanisms irotimection.

1 Modeling of whole gable frame to find equivalent stiffness of the frameThe wizard
calcul ates the stiffness of a single col umn
the stiffness of the frame. So essentially, if we think thihess of a gable frame is twice the
stiffness of the connection, then that is not correct. In actuality, two connections on either side
in gable frame contribute in different proportion to the stiffness of the frame. Out of these two
connections, one coration is subjected to compression, therefore provides higher stiffness
and the other one is subjected to tension, so provides lesser stiffness under lateral movement.
Figure 6.1 shows that under application of a lateral load, the left column of the ifame
subjected to compression force represented by foraehRe the right column is subjected to
tension force represented by force Rherefore, to get the true stiffness of the frame, the
whole frame has to be modeled in the wizard.

— =

R3 R4
<= <—

Ry JRs R ché

Figure8.1. Reactions on the base of a gable frame subjected to a lateral load

1 Need for Experimental Testing The values of the stiffness calculated by the wizard are based
on the analytical model explained in Chapter 4. Although the wizard estimates have been
compared with some of the experiments in tthissis there is room for improvement. The
model can bdurther calibrated and brought closer to the actual behavior of the connection if
there is sufficient experimental data available. This requires performing experiments on the
column base connection under various load cases to gather more data to develapcorate
analytical and mechanical model of the connection.

Essentially, every column base connection has some restraint at the base and by not taking
account of this fixity, one may end up getting larger drifts and larger moments at the knee of a
gabk frame. This research is an effort to quantify the amount of rigidity that is present in a
column base connection. This research also investigates the behavior of the base connection
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under various load cases. The effect of various parameters on thesstiffhthe connection is
also observed.

On final note, this research provides a way to calculate a stiffness value for any column base
connection and then that value can be used for performing further analysis. The authors hope that
the research will beeally useful for those who want to use the characteristics of a partially
restrained base connection instead of assuming it as pinned.
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APPENDIX A: Stiffness Calculations

1) Flexure Test Picard and Beaulieu (1985)

(i) Stiffness calculated from the moment rotation plot

AR O LR 01 ) I 91 - X DX
0t QU@ 0 WHd BN E he A QEVE O W ®E Or—————. .,
0t Q¥ Q@ o Q¢ ¢

Initial Moment (within elastic range of the plot) = 180 kips
Initial Rotation (within elastic range of the plot) = 0.0031 rad.

Initial Rotational Stiffness= 180 = 58065 kips/rad
0.0031

(i) Stiffness calculation by Galambos Analyticab&edure
According to Galambos (1960) , the rotational stiffness of a column base connection is given

by following equation when the effect of the foundation idewtgd (same as Equatiorl2
in thisthesig

PC

where M is themomentat the base of the columgjs therotation at the base of the column,
b is width of the base plate) is length of the base platnd £ is modulus of elasticity of
the concrete

Base plate width = 7.48 in.
Base plate length = 11.84.i
Modulus of Elasticity of concrete used for the grout construction = 3430 ksi.

Putting above values in the above equation to get a vale of

Keon= 7.48 * 11.82* 3430 ° 298,205 kipsin/rad.
12
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2) Compressiott-lexureTest- Picard and Beaulieu (1985)

(i) Stiffness calculated from the moment rotation plot

, e e S O g 01 I 31 X DX
0t QU@ 0 W BMNIOOME he a QEDE O WY @E ©

0t QU Q@D O Q€ £

Initial Moment (within elastic range of the plot) = 442.54 kips

Initial Rotation (within elastic range of the plot) = 0.00011 rad.
Initial Rotational Stiffness  442.54

= 402309 kigs/rad
0.0011

(i) Stiffness calculated by Eurocode 3
Using the steps provided in Section 2.3.2 to find the rotational stiffri&sf the column
base. Also see Section 2.3.2 for the definition of each term used or calculated below
FromTable 612, Eurocode EF&N-19931- 8

O 0

"D O apQ Q
Q o o

v

=y
¢
¢

PP
Qr  Qp

o)
¢

The configuration of the connection used for calculating different terms in the above
equation is presented in Section 2.6

z is the lever arm show in Figure 2.5 calculated for the configuration of Section 2.6

—pﬁpi Ladh PP Y B Y XxBp®8 ¢cTIPa

E is modulus of elasticity of the Steel = 29000 ksi. = 200000 N/mm

‘ (stiffness ratio} 1 (for initial stiffness calculation)

‘Qis the eccentricity of the applied axial load from center of the connection

P X ®Xp

Q 5 0TE pcCQ8 omndd
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Q ; is the distance from the center of the connection to the paithe base plateeneath
the columrflange in compression

arp 0P a8 YA

O  is the distance from the center of the connection to the mwinthe base plate
intersecting with bolt position (Figure 2.5).

Op TE QW8 pcara

TQH is the compression stiffness coefficient of thght side (compression side for this load

configuration)of the connectionand should be taken agjual to the stiffness coefficierk;; (Table
6.11, Eurocode 3EN-19931-8)

o o o
P8 X 0

Effectivelengthof T stub (Figure 2.6) = 7.48 in. = 189 mm

Effectivewidth of T stub (Figure 2.6) = 3.3 in. = 83.82 mg@assumed on the basis of
compression region of the baseplate)

E. is modulus of elasticity of concrete = 23661 N/mm

Hence,

o G 0Py @ ¢
h
P& XV MMM

P @ X

where Qp, is the tension stiffness coefficient on the left side (tension side for this load
configuration) of the connection and should be taken as equal to the sum of the stiffness
coefficientsk;s andkie (Table 6.11FEurocode 3EN-19931-8)

The Stiffness coeffiient (TQ ) for the base platan bending in the absence of the prying
force is given by the following relation.

* Assuming no prying force

. ™M z20
Q ;
a

Since,

0 is thickness of the base plate = 1.14 in. = 28.96 mm
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& is a dimension from the T stub model (Figure 2.6) = 1.38 in. = 35 mm

. 8 ¢ bp P
0 CPOLUUC@O(P —

The Stiffness coefficien(TQ ) for the anchoibolts in tension in the absence of the prying
force is given by the following relation.

O is area of the anchor bolt = 0.4418 285 mn
Ly is the length of the anchor bolt = 17.72 in. = 450 mm

z
o SICW
T LU TT

v
PE @ X

Since,

Hence,

Qr 1@ pR OXT & O

Yyep@X TEFpCT

Q o
CEX T &G X
Rotational Stiffness Y comes out to be following.
TU TT TETE TIU oTUL .
v =S cme VPO BE UC oXAQETH OO

pz L _B OTmux @& o
PAV T&OQ
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APPENDIX B: MBMA SURVEY

Table B-1 Base Plate Dimensions

BASE PLATE DIMENSIONS

United BlueScope
A.&.S Chief Structures | Buildings NCI Salsa
building - . Group Steel
Buildings | of America, North
system . Inc. Corp.
Inc. America
4"-12",
Range of width 6"-14" 6" -14" | rarely24” or 8"-18" 6 "-20" 6"-12"
36"
Common width 6"-8" 8" 8" 8" 6"-8" 6"-8"
8" t0 48",
Range ofLength 8"-24" 8" -30+" | somdimes 7"- 60" 8"-48" 10"-14"
72"
Common Length 12" 10"- 12" 12" 14" 8" 12"
3/8"-3/4"
Range of 3/gus/4r | Pinned, | 3/8%3/2% g 3750 5 00 3/gror | 3sga
thickness up to 2 rarely 3
Fixed
Common 3/8"-1/2" | 38" 1/2" 0.375" 3/8" 1/2"
thickness
Table B-2. Anchor Bolts Details
ANCHOR BOLTS
United BlueScope
A&S . Structures escop NCI Salsa
o Chief Buildings
building S of Group Steel
Buildings . North
system America, . Inc. Corp.
America
Inc.
Min. No. of 4 4 4 5 4 4
bolts
Max. No. of 8 10 80 12 6 12 8
bolts
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Min. Dia of 5/8" 3/4" 1/2" 3/4" 3/4" 5/8"
bolts
Max. Dia of 3/2" 3/9" 3/2"-2" or on 3/2" 3/9"
bolts more
Common 5/8" bolts: Typical 4" |4"/6"/8" | g=5" 4-5when| 4"-4"
gauge 3 x 3 square | gage, p =3.5"or | there are | most
dimension pattern, 4" pitch for 5" two common,
or spacing 2 1/2" from anchors less columns off 3"-3"
used outside flange | than or equa anchor very few
to first bolt row| to 1.25" rods, but is still
for exterior diameter. sometimes used, 5*
columns. there are 4 5" used
Anchor rod columns of rarely bul
5/8"< bolt material is anchor rod| good
diameter <1": | ASTM spacing
4 x 4 square, 3| F15554, only on
from outside | Fy =36 8" wide
flange to first base
bolt row. plates or
greater
>= 1" bolts: 5 x
5 square
pattern, 4"
from outside
flange to first
bolt row.
Table B-3. Installation Details
INSTALLATION
United BlueScope
bﬁil%iﬁg C;hi_ef Structures Buildings Gl\rlgulp Salsa Stee
Buildings of America, North Corp.
system : Inc.
Inc. America
Mostly
socket
tl\i/gl;;;[the?]?ng No No comment wrenches snug tight | snug tight Hand
bolts comment sometimes tightened
impact
wrenches.
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12" to 24"
Hooked
anchors
rarely used. .
min 12"
Embedment No AISC NoO No embed.,
length- No comment| recommends ) ;
comment comment | comment| min 3-4
anchor bolts headed or
hook
nutted
anchors to
resist uplift
forces.
the
. thickness
1" typically, will be
i o)
Thlclﬁgﬁtss of Not aware orglzilld(i}nzzm 3/2" 2" about 0"
9 g 1/2" large
require than nut
thickness
Table B-4. Column Design Details
COLUMN DESIGN
United
BlueScope
A&Shbuilding |  Chief | SUUCUres | g idings | NC Salsa
- of Group Steel
system Buildings Ammeri North
merica, A . Inc. Corp.
merica
Inc.
Typical Straight Column flush| 8" wide X | design No No
Dimensions | (parallel with the 12" deep | driven, comments commens
flanges) or tape| outside edge; varies,
from the base. | of the base commonly
plate, both in min=12"
The flanges 5" | depth and
- 14" wide, with | width
typically 6" or
8".
The column
depth- 8"-24"
with typically
10"-12".
Web
thicknesses
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range from 10
ga3/8", with
typically 10 ga
or 3/16"

Connection | The base plates single or fillet welds | fillet welds, fillet No
between welded with double fillet 1-side or | weld on | comments
base plate | fillet welds on | welds 2-sided the inside
and column | one side of the of the

web, on the flanges

inside of each and along

flange. one side

When tapering of the

columns web.

(sloping inside When

flange) the fillet there is a

weld located on fixed

the outer side of base plate

the flange the flange

instead of the and web

inside, or else a are CJP

C.J.P. weld is welded

used.
Location of | Columns Column is centered on approx. centered | No
column centered in the | centered on | base plate. | centerd; | plus or commentg
relative to | width of the base plate. but anchor| minus
base plate | base plate. rods are | 1/2"

The first often

In the length of | Anchor bolt closer to

the base plates,| is a specific one flange

the base plate iy distance in

typically flush | from the

with the outside

column's flange, so as

flanges or the column

overhanging a | depth varies

small amount | and the

(not more than | quantity of

1/4" typically).

This base plate
extension
allows the
welder tolocate
the fillet wdd
on the outside

of the flange.

bolts vary the
bolt patterns
will not be
cenered on
the column
or baseplate.
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Table B-5. Foundation Design Details

FOUNDATION DESIGN

A&S
building
system

Chief
Buildings

United
Structures
of
America,
Inc.

BlueScope
Buildings
North
America

NCI
Group Inc.

Salsa Steel
Corp.

Slab
thickness
in vicinity
of base
plate

No
comment

No
comment

4"to 8"

No comment

refer to next
cell

18" min,
(inludes 12"
min.
embedement
footing into
soil + 6" min
top of slab
above grade)
up to 54"
Thick

Common
Footing
Details

No
comment

we specify
minimum
3000 psi
concrete
for bearing

No
comment

No comment

refer to next
cell

spread or pad
footing
centered
below column
baseplate

Common
Soil Details

No
comment

No
comment

No
comment

standard
design based
on £/=2000
psi- 3000 psi

refer to next
cell

1,00061,500
psf soil
bearing
capacity, Sd
soil profile,
unless soils
report is
present
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APPENDIX C: USER®S MANUAL

C.1.1 Introduction

The column base connection wizard is a program which can be used to predict the rotational
stiffness of any configuration of a column base connection. A typical configuration of the
column base connection consists of column, base platBpabolts, grout and footing as its
components (see Figur€.1). Under an application of external loads the above mentioned
components interact with each other and contribute to the stiffness of the connection in different
proportion. The wizard works in two modes, Graphical User Interface (or GUI) mode and Batch
mode. The GUI mode provides a visual interface by which a user can interact with the wizard
and see a visual display of the modeled connection. While the Batch mode isvesuabn
interface of interacting with the wizard. The user can obtain the rotatstiffaless for any
configuration of connection very quickly. The external loads that can be applied to the
connection in this wizard are gravity loads and wind loads. This user manual provides the
installation instructions (Section 1.3), functioning ofigas features of GUI mode (Chapter 2),
functioning of various features of Batch mode (Chapter 3) and three comprehensive examples
(Chapter 4). Note that the stiffness in this wizard simply means the rotational stiffness of the
connection.

M
7N
P Vv

A/////////Cmumn
Anchor Bolt
——Base Plate
Grout
Footing

FigureC.1 A typical configuration of column base connection
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C.1.2Computer System Requirements

TableC-1 lists the computer system requirements for the column base connection wizard.

TableC-1. Computer System Requirements

Component Requirement

Computer andProcessor| 1.5-gigahertz (GHz) processor or higher.

Memory 2048 megabytes (MB) RAM or higher.
Hard disk 1.5 ggabytes (GB) available disk space for a typical installatig
Display 1024x 768 or higher resolution monitor.

Windows7 operating systems, Windows XP with SP 3-(89,
Operating system Windows XP x64 Edition with SP 2. Mac OS with Windows
Platform

SAP2000 must be installed on the computer system to use it

Others . .
one of the analysis engines

C.1.3Instructions for Install ing the Wizard in Windows 7

As described in Section 1.1, this wizard has two modes of operation, GUI mode and Batch mode.
The instructions for installing the GUI mode are provided in the section below. The instructions
for installing the Batch mode are provided $®ction 1.3.2The standalone version of the
column base connection wizard can be found in a folder labeled as 'Connéttiard’. Copy

this folder to any location on your computépen the folder by clicking on iThe folder
contains two folders, namelgatch Mode' and 'GUIMode' (see Figure 1.2).
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@@v| . v Computer » Storage (%) » Acads » Connection Wizard » v|¢¢|| Search Connection Wizard p'

Organize * = Open Include in library = Share with = Burn Mew folder = - O 'ié'
B Desktop i
4. Downloads

:
= Recent Places

4 Libraries B F
3 Documents
J'- Music ; ;
= Pictures | S (.- | - -
B Videos N '
Batch Mode GUI Mode

HE- Homegroup E

1M Computer
&, o5
—a My Passport (E:)
—a Storage (X:)

&‘i_i Metwork

-

- GUI Mode Date modified: 3/22/2012 2:06 PM
3‘ File folder

FigureC.2.'ConnectionWizardd f ol der

C.3.1 Instructions for Installing the GUI Mode

1. Open the folder 'GUMode' by clicking on it (see Figure.2). The folder typically contains
two folder and three files as shown in Fig@e3. Right click the file labeled as&UI_pkg'
and click on 'Run as Administrator' option (if available) as shown in FiGueA user
account control warning may or may not appea the screen. If it pops up on the screen,
then click 'Yes'. This whole process will expand the files compressed inside this package.
Note that if the 'Run as Administrator' option is not available, then simply double click the
'‘GUI_pkg' file and proceeahead by following the steps given below.
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@l\’:}'| .. » Computer » Storage (X:) » Acads » Connection Wizard » GUIMode » 'l"‘“ Search GUI Mode }Jl

Organize * Open Burn Mew folder

~ -

‘
. " 1
- Libraries ol a2 .

@ Documents GuUI SData OpenSees2 3.1 ActiveTcl8.5.10,0.294993
o' Music -win32-ix86-threaded(l)

[&=| Pictures

E Videos I
*& Homegroup -

™ Com puter

0 Favorites il
Bl Desktop
4 Downloads

&
=| Recent Places

m

& osc GUI_pkg
—a Storage (X:)
. Acads
L I0R Stuff =
. I GULpkg Date modified: 3/22/2012 305 PM Date created: 3/22/2012 3:05 PM
Application Size: 222 MB

FigureC.3. Folder containing installation package @dl Mode

@\..)4 | » Computer » Storage (¥) » Acad Open hd | D || SeaiiGtlibods )
Organize » Open Run g Enable/Disable Digital Signature Icons
@ Run as administrator
, . n
0 Favorites Troubleshoot compatibility
Bl Desktop )
Fu Scanfor Viruses
4. Downloads .
‘5‘-,_-_| Recent Places Vs Moveto Quarantine il
¥o Check reputation in KSN
- Libraries 0 e g Add to archive...
] Documents GUI B Addto"GULpkg.rar" enSees2.3.1 ActiveTcl8 510.0.294993-
J! Music g Compress and email... win32-ixB6-threaded(1)
[E=] Pictures g Compress to "GUI_pkg.rar” and email
B videos B Extractfiles...
! g Extract Here
#§ Homegroup B Extractto GUL pkg\
- B  Openwith WinRAR
C t
= Computer Pin to Taskbar
& o5y )
GUL_pkg Pin to Start Menu

—w My Passport (E:) . .
Restore previous versions
Ca Storage (X:)
Send to 3

“! Metwork Cut

Copy
Create shortcut

| GULpkg  Date modified: 9/28/2011 1:1 Delete
. Application Size: 169 MB Rename

Properties

FigureC.4. 'GUI_pkg' is executed by right clicking and choosing 'Run as administrator’
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1. A numberof files and alack window (shown in Figur€.5) automatically appear in the
same 'GUIMode' folder after executing the file 'GUI_pkg' as per step 1.

2. This black window automatically executes a wizard for installing MATLAB Compiler
Runtime (MCR). Note that the MCR mus¢ installedon any computer machine to run the
column base connection wizard in a standalone format.

3. Follow the instruction on the screen as shown irFigaereC.5 and choose a language for the

installation.
@\ /.vl » Computer » Storage (%) » Acads » Connection Wizard » GUIMeode » v|+¢|| Search GUI Mode p e
Organize = [=h) open Burn Mew folder =+ [ 9
T Favorites

Bl Desktop l 1 = o
E e N F ] | 5

D load
4 Downloads B | X:\Acads\Connection Wizard\GUI Mode\GUI_pkg.exe == Y
= Recent Places L — —
MUURZipSFY 5.41 of 16 April 2888, by Info-ZIP. Modified by The Mathllorks. -~
Send bug reports to support@mathworks.com. 3
. . inflating: _install.bat =
i Libraries ing%ating: I"ICRzlnstalleP.exe
T inflating: readme.txt
| Documents inflating: GUI.exe
@ Music
s ¥ :~Acads\Connection Wizard«GUI Mode>ECHO OFF
| Pictures Deploying project GUI
. Running MCRInstallew
Vid & 3
B Videos Choose Setup Languagy X
n& Homegroup @ Select the language for thiz ingtallation from the choices below.
L_ ]
/M Computer
&, 0s(C) |Enalish [Unit=d States] v
—a My Passport (E) [ oK.
—a Storage ()

?I_-l Metwork

mm 1| GULpkg Date modified: 3/22/2012 3:05 PM Date created: 3/22/2012 3:05 PM
Application Size: 222 MB

FigureC.5. MCR installation instructiodescribed by Step 4

4. Click on'Install' as shown in Figuf&6.
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@.v.vl » Computer » Storage (%) » Acads » Connection Wizard » GUIMode »

3
Organize = Open Burn Mew folder =+ [
[ Favorites B ¥XMAcads\Connection Wizard\GUI Mede\GUI_pkg.exe = B Py
Bl Desktop MUUNZipSFR 5.41 of 16 April 2888, by Info-ZIP. Modified by The MathWorks. Inc.
Gend bug reports to support@mathworks.com.
% Downloads inflating: _install.bat

inflating: MCRInstaz
inflating: readme
inflating: GUI .ex

= Recent Places

7 Libraries #:\Acads\Connection MATLABIR] Compiler Runtime 7.15 requires that e following requirements be installed on

= Deploying project G N : . . L . plg -

T H wour computer prior bo inztalling this application. Click OF. to begin inztaling these
J_ Documents Running MCRInstalle * Tequirements:
@' Music
= Pictures Status  Requirement

B8 videos

Pending WCREDIST_Va0_<86
Pending WCREDIST_X86

e'% Hemegroup

M Computer
& os(c)
—a My Passport (E:)

—a Storage (X:)

?l_i Metwork

[~ 7]
GULpkg  Date modified: 3/22/2012 3:05 PM | Sl [ Cancel

Application Size: 222 MB

FigureC.6. MCR installation instruction described by Step 5
5. Click 'Next'as shown in Figur€.7.

@‘Uv! » Computer » Storage (X:) » Acads » Connection Wizard » GUIMode » v|¢7|‘ Search GUI Mode o)
Organize v @ Open Burn New folder - v f_lj '9‘
{ Favorites
Bl Desktop X:\Acads\Connection Wizard\GUI Mode\GUI_pkg.exe

& Downloads

i) Recent Places inflating: _instal
inflating: MCRInst
inflating: readme.
. Libraries inflating: GUI.exe

<] Documents % :\Acads\Connection

D Musi Deploying project GU . X . i}
@' Music Running MCRInstaller The InstallShield(R) Wizard will install MATLAB(R) Compiler
Runtime 7. 15 on your computer. To continue, dlick Next.

k=| Pictures
¥ Videos MATLAB and Simulink are registered trademarks of The
MathWorks, Inc. Please see www.mathworks.com/trademarks
for a list of other trademarks owned by The MathWorks, Inc.

Other product or brand names are trademarks or registered
"& Homegroup tradmarks of their respective owners.

1% Computer .

& o5 -
WARNING: This program is protected by copyright law and

s My Passport (E:) international treaties. Copyright 1984-2011, The MathWorks,

ca Storage (X:) Inc.

€ Network <) MathWorks®

Back Next > } [ Cancel

3| GUILpkg Date modified: 3/22/2012 3:05 PM
- ‘ Application Size: 222 MB

FigureC.7. MCR installation instruction described by Step 6
6. Fill in the appropriatdields; otherwise click 'Next' as shown in Fig@s.
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Jo|

@'w

v Computer

b Storage (X:) » Acads » Connection Wizard » GUIMode »

Organize «

= Recent Places

= Libraries
3 Documents
-. Music
le=| Pictures

B videos
& Homegroup

"M Computer
&, os(c)
—a My Passport (E)
s Storage (X:)

*-:‘I_-I Metwork

GULpkg

Application

Open

Burn

Mew folder = -
[ Favorites
Bl Desktop B XM\Acads\Connection Wizard\GUI Mode\GUI_pkg.exe =B =
4 Downloads MWUNZipSFR 5.41 of 16 Aoril 200@. bu Info—ZIP. Modified bu The MathWorks

2end buy reports to
inflating: _instal
inflating: MCRInst
inflating: readme.
inflating: GUI.exe

) MATLAB(R) Compi

Customer Information

Please enter your information.
Wz “Acads~Connection
Deploying project GU

[Running MCRInstaller User Name:

|Danie|

Organization:

InstaliShield

| < Back

I

Mext =

J |

Cancel

Date modified: 3/22/2012 3:05 PM

Size: 222 MB

FigureC.8. MCR installation instruction described by Step 7

7. Change the destination folder by clicking 'Change' for storing installation files at any location
otherthandefault; otherwise clickNext' and then click 'Install{(FigureC.9,C.10 & C.11)

jo » Computer » Storage (X:) » Acads » Connection Wizard » GUI Mode »

@ —

Organize *

= Recent Places

.l Libraries
3 Documents
, Music
=] Pictures

E Videos
*@ Homegroup

/M Computer
&, os(c)
= My Passport (E:)
—a Storage (X:)

Ei_i Metwork

GULpkg

Application

Open

Burn

Mew folder = - O
[ Favorites
M Desktop 7 X\Acads\Connection Wizard\GUI Mode\GUI_pkg.exe =B 2
& Downloads MUURZipSFX 5.41 of 16 _Avril 2AAR. bu Info—ZIP. Modified bu The Mathllorks

Bend bug reports to
inflating: _instal
inflating:= MCRInst
inflating: readme. Destination Folder

inflating:= GUI.exe

Click Next to install to this folder, or dick Change to install to a different folder.

&3

A :“Acads“Connection
Deploying project GU

Running MCRInstaller Install MATLAB(R) Compiler Runtime 7. 15 to:

C:'Program Files (x86)\MATLAB\MATLAB Compiler Runtime',

Change...

InstallShield

MNext >

| < Back Cancel

I | |

Date modified: 3/22/2012 3:05 PM

Size: 222 MB

FigureC.9. MCR installation instruction described by Step 8
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@,v,vl » Computer » 5Storage (X:) » Acads » Connection Wizard » GUIMode »

Organize = Open Burn MNew folder

- Favorites :
Bl Desktop B XdAcads\Connection Wizard\GUI Mode\GUIL_pkg.exe =06 %
QDDWMDEdS MUUNZipSFY 5.41 of 16 Avnril 280@. by Info—2IP. Modified hu The MathUorks
- Send bug reports to -
5| Recent Places RSP Sl NRRY 2] MATLAB(R) Comp:
i i MCRInst
readme . Ready to Install the Program
- Libraries inflating: GUI.exe

= The wizard iz ready to begin installation.
j Documents “icadse\Connection

D Musi Deploying project GU
@' Music [Running MCRInstallew
le=| Pictures

E Videos

Click Install to begin the installation.

If you want to review or change any of your installation settings, dick Back. Click Cancel to
exit the wizard,

4 Homegroup

M Computer
& o5
ca My Passport (E})
—a Storage (%)

G'I_ll Metwork
InstallShield

| < Back |[ Install ] | Cancel
GULpkg  Date medified: 3/22/2012 2:05 PM

Application Size: 222 MB

FigureC.10.MCR installation instruction described by Step 8

@.u.vl v Computer » Storage () » Acads » Connection Wizard » GUIMode » - |4¢|| Search G ode 2|
Organize = Open Burn Mew folder = - E] @_'
- Favorites .

Bl Deskiop B | X\Acads\Connection Wizard\GUI Mode\GUL_pkg.exe ‘Z'_IE_ Y
& Downloads MUUnZipSFY 5.41 of 16 April 2AAR. by Info-ZIP. Modified hu The Mathlor
=| Recent Places Send buglrel_m_'t]_:-ﬁsggl i';‘!rl' MATLAB{R) Compiler R
i i MCRInst
readme . Installing MATLAB(R) Compiler Runtime 7.15
- Libraries inflating: GUI.exe

= The program features you selected are being installed.
=/ Documents % :~Acads~Connection

B Musi Deploving project GU
@' Music Running MCRInstaller
| Pictures

B videos

Flease wait while the InstallShield Wizard installs MATLAB(R) Compiler
Runtime 7.15. This may take several minutes.

Status:
Copying new files
*d, Homegroup

1M Computer
&, os(c)
—a My Passport (E})
—a Storage (X:)

t',-"._i Metwork

InstallShield

GULpkg  Date medified: 3/22/2012 3:05 PM
Application Size: 222 MB

FigureC.11 MCR installation instruction described by Step 8
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8. Click 'Finish' to exitthe MCR installation wizardFigureC.12).

@vv’ » Computer » Storage (X:) » Acads » Connection Wizard » GUIMode » v[*,” Search GUI Mode P
Organize v @ Open Burn New folder | » ]J ‘0‘
{ Favorites
B Desktop i X:\Acads\Connection Wizard\GUI Mode\GUI_pkg.exe =R R

Avnril 200A. hu

| Recent Places inflat ir;g . _ 1% MATLAB(R) Compiler Runtime
inflating: MCRInst§
inflating: readme.

4 Libraries inflating: GUI.exe MATLAB Instalishield Wizard Complcted

& Downloads Info—-ZIP

<| Documents :\Acads\Connection Conrilon Ritetime
i_v‘ e Deplqying project GU mpUer Auntime
e Running MCRInstallexr The InstallShield Wizard has successfully installed MATLAB(R)
&=| Pictures Compiler Runtime 7. 15. Click Finish to exit the wizard.
#¥ videos

+& Homegroup

1% Computer
&, os(C)
ca My Passport (E:)
= Storage (X:)

€ Network « ) MathWorks®

GUIpkg Date modified: 3/22/2012 3:05 PM
Application Size: 222 MB

FigureC.12.MCR installation instruction described by Step 9

This wizard uses OpenSees as one of the analysis engines. OpenSees uses Tcl/Tk, a scripting
language to interact with the user. Therefore, installation of Tcl/Tk is essential to run OpenSees
on any system. The wizard operates on Tcl/Tk version 8.5.10i€h veprovided in the package

(Figure 1.3). Below are the instructions for installing the Tcl/Tk version 8.5.10.0. It should be
noted that if the version 8.5.10.0 is already installed on a system, then the user can skip step 10
through step 13. For anytdr installed version of Tcl/Tk, the user should first uninstall that
version and install the above mentioned version by following the instructions given below.

9. Right click the 'ActiveTcl' logo present in the same folder labele@d$ Mode (shown in
FigureC.13) and clickRun as administratboption. Note that if the 'Run as Administrator
option is not available, then simply double click the 'ActiveTcl' logo and proceed ahead by
following the steps given below.
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Search GUI Mode 0 |

@-\-H)vl . v Computer » Storage (%:) » Acads » Connection Wizard » GUIMode » v|4.,|

Organize + Open Burn Mew folder = - m @

- - -
- Favorites w = \ b

= | ‘ ‘ L_ .
|

& Downloads
SData readme OpenSees2 3.1

2 B!

1% Computer ActiveTcl8.5.10,0.294993 GUI MCRInstaller GUI_pkg
&_? 05 () -win32-ixB6-threaded(l)
ca Storage (X)

. Acads
1 I0IR Stoff
@ ActiveTcl8.5.10.0.294993-win32-ix86-threa... Date modified: 8/23/2011 11:00 AM Date created: 3/22/2012 3:05 PM
Application Size: 26.2 MB

CEE

= Recent Places

4 Libraries
@ Documents
J? Music
[ Pictures

E Videos

I
o .
=

L

i@ Homegroup

-

FigureC.13 Tcl/Tkinstallation instruction described by Step 10

10.The next two screens sh@aemeinformation and the license agreement, respectiif@gure
C.14 and Figur€.15). Accept the license and click next.

11.Next screen specifies the installation mode and location. Here the user must change the
default installation location fronC:/Tcl to C:/Program Files/Tcl (there is a space
between Program and Files), as shanvRigureC.16 and FigureC.17.
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@n\'“)v| W » Computer » Storage (X:) » Acads » Connection Wizard » GUIMode » - |¢,|| Search GUI Mode p|

Organize - Open Burn New folder = -~ Ol @

0 Favorites T < "

Bl Desktop l ‘ :’ Pe

& Downlogs

;E'-' Recent @ ActiveState ActiveTcl 8.5.10.0 Installer ‘ -

= Package Management: *new® o

= Libraries m'"esllale TEARcup, the TEApot Repository Client

@ Docurm: -

i Packages:
o' Music Tcl 8.5  Thread 2.6.5
(&= Pictures Tk 8.5 trofs 0.4.4

¥ videos
hetiveTel 8.5 is compatible with most ActiveTcl 8.4 packages.

More packages can be obtained with the teacup, or by installing this
distribution into the same directory as an existing ActiveTcl 8.4
in=stallation.

*& Homegro

m

/M Computel
= P! Using ActiveTcl at work?

& os(c)
ca My Pass ActiveTc IB Our ActiveTcl Enterprise business solution is a support and maintenance
Storagl package for organizations of all sizes that depend on Tcl. Safeguard your
= 9 applications with guaranteed, guality-assured ActiveTcl binaries and
—_— mitigate risk with world-class support for your critical Tel systems. |
f‘ MNetwork www.activestate.com -
Mext = ] ’ Cancel
Adl
Ap
FigureC.14. Tcl/Tk installation instruction described by Step 11
@'\:_)'| W » Computer » Storage (X:) » Acads » Connection Wizard » GUIMode » - |¢,|| Search GUI Mode p|

Organize * Open Burn Mew folder

0 Favorites I " .
Bl Desktop ‘
5 Downloask L
“| Recent | @ ActiveState ActiveTcl 85.10.0 Installer l - E‘

= ACTIVESTATE COMMUNITY EDITICN SOFTWARE LICENSE AGREEMENT -
4 Libraries Ml"ﬂstﬂlﬂ 3
@ Documn Version effective date: November 15, 2010
o) Music Preamble:
[ Pictures
E Videos Support is available from ACTIVESTATE under a separate agreement, see Part

3.d. For redistribution of the Software, You will require a special
license, see part 4.b. For more information on support options and or
i@Homegro redistribution (e.g. CEM Licensing) please visit www.activestate.com. This
license establishes the terms under which the Software may be copied,
modified, distributed and/or redistributed. The intent of this license is

M Computel . . . . .
N that ACTIVESTATE maintains control over the development and distribution of

ﬂ-? 0s(C) & the Software, while allowing its use it in a wvariety of ways. If the terms
- - - - - s
My Pass Actwelcl of this license do not permit Your proposed usage or if You regquire -
a Storage < LU} ¢

T accept the terms in the License Agreement;

“ﬁ Metwork www.activestate.com () Tdo not accept the terms in the License Agreement

Ad
Apj

FigureC.15. Tcl/Tk installation instruction described by Step 11
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FigureC.16. Tcl/Tk installation instruction described by Step 12

FigureC.171. Tcl/Tk installationinstruction described by Step 12

12.Keep dicking 'Next' buttonuntil it finishestheinstallation and exiby clicking on 'Finish’
button.

13.Now that when the user has already installed MCR and Tcl/Tk interpreter, he or she can click
on 'GUl.exe' present in the same folder (FigdDrE8) and the column base connection wizard
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