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INTRODUCTION

One of the first steps in most structural engineering
problems is to choose a reasonable model for the structure
being analyzed. 1In modeling a framed structure it is
common practice for the engineer to assume that the column
bases are either fully fixed or fully pinned. In reality
neither of these two assumptions is strictly valid due to
the difficulty in obtaining either of these ideal con-
ditions in practice. In frame analysis, regardless of
which of these two assumptions is used, the calculated
bending moments in the columns of the first tier are gen-
erally larger than those which will actually exist in
the structure. These larger moments normally lead to the
use of heavier coluhns than are really necessary and
therefore result in a more expensive and less competitive
structure.

The assumptions made concerning the degree of fixity
also have a significant effect on the calculated drift
of a structural frame. If the column bases are assumed
to be pinned the calculated drift may be so large that
stiffer members are required to reduce the drift to ac-
ceptable levels. Therefore if partial base fixity is
considered, additional savings may be realized because of
the lighter members needed to control drift. At the other
extreme, the assumption of full base fixity in drift cal-
culations may result in an underestimation of the actual

drift.
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In the design of steel columns by AISC guidelines
and specifications, an attempt is made to account for the
difficulty in obtaining either perfectly fixed or per-
fectly pinned column bases in practice. This difficulty
is accounted for by recommending rigidity ratios [ﬁi; -
Z(QOLUMN / Beam ) RiaipiTiES , for use in effective
length alignment charts, of 1.0 rather than zero for fixed
bases and of 10.0 rather than infinity for pinned bases.1
While these assumptions seem reasonable, they are quite
subjective and place all base connections into two
categories with no provision for additional variation
of base fixity.

Galambos2 showed that by accounting for partial base
fixity of a typical pinned base detail the theoretical
buckling strength of a rigid frame can be increased
significantly. Preliminary results of current research3
indicate that for a typical pinned base detail a rigidity
ratio ((Gq) for the column base as low as 1.50 (rather
than the recommended value of 10.0) may be justified.

Such a drastic reduction in the rigidity ratio will

result in significant reduction of the effective length
factor and may allow the use of lighter columns. These re-
sults tend to concur with results of similar studies?r 3+ ©
which consider the effect of partial restraint provided

by simple beam-to-column connections. These studies

have also indicated that significant reductions in the

column effective length may be justified by considering the
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partial restraint of a simple beam-to-column connection.
The preceding discussion has made it clear that

consideration of the degree of fixity of column bases
would result in more realistic and more accurate structural
analysis, thereby resulting in a more efficient design.
Unfortunately, the determination of the degree of re-
straint offered by column bases is not treated explicitly
in existing literature. There have, however, been some
attempts to develop reasonable methods for estimating
the rotational characteristics of column bases.z' 7, 8

The PCI Design Handbook,9 published by the Prestressed

Concrete Institute, presents a method for approximating
the degree of fixity of column bases for precast concrete
columns which is fairly easy to use.

The primary purpose of this study is to develop a
rational method for approximating the degree of fixity
of a typical steel column base detail. The method will

be similar to the method presented in the PCI Design

Handbook and will consider the combined effects of footing
rotation, anchor bolt elongation, and base plate bending
on the fixity of the column base. 1In addition to the
development of the relationships for the base stiffness,

a program for the Hewlett-Packard HP-41 calculator will
be presented as an aid in using the proposed method.

Using the calculator program, a sensitivity analysis

will be conducted to determine the relative significance

of the variables involved in the expressions. Tables
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and charts will be presented, as an additional design
aid, to allow the engineer to obtain a reasonable
estimate of column base fixity for preliminary input
into an analysis. Finally, an example will be provided
on the use of the design aids in structural analysis

and design.

DEVELOPMENT OF THE METHOD

The base detail studied is shown in Figure 1. The
nomenclature used is defined in Appendix A. The degree
of fixity of a column base is the ratio of the stiffness
of the base to the sum of the base and column stiffnesses.
This ratio is analogous to the distribution factors used
in moment distribution. The stiffness of the column base
is defined as the moment required to rotate the base
through a unit angle. Similarly, the absolute stiffness
of a member is defined as the moment required to rotate
one end of the member through a unit angle when the far
end of the member is fully fixed. The inverse of stiff-
ness is defined as flexibility. The approach used in
this development is to apply a unit moment (P * e) to
the column and determine the expression for the resulting
base rotation. This expression is then divided by the
applied moment to give an expression for the column base
flexibility. Finally, the expression for the flexibility
is inverted to obtain an expression for the base stiff-

ness.
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The total rotation of the base is the sum of the
rotations due to three factors (Fig. 2). One of the
components is the rotation of the column footing due to
the elastic behavior of the soil beneath the footing.
The development of an expression for the rotation of the
footing is relatively simple, but it is based on the
modulus of subgrade reaction. The modulus of subgrade
reaction (KS) is the ratio of the pressure exerted on

the soil to the settlement of the soil, and is difficult

10, 11

to obtain with any degree of accuracy. The ex-

pression for the footing rotation is now developed assuming

the footing rotates about its center (Fig. 3):

Ke= £

Rearranging;

o

Assuming the rotation is through a small angle;

A %/
=Lt _ Wk,
% >3 D/2

Substituting q = Me 0o e-= % L

b}

_ M(Py) _ M
EL K,I;Z;bEB T K,I}

Since M = Pe;

9F=_Fig__ (1)

K Le
where I = B_D_'
12

Now a fairly simple expression for the footing
rotation is available. This equation is valid only if

there is no separation between the footing and the soil.
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This is not a serious limitation since the rotation of
the footing normally reduces the vertical compressive
stress in the soil on one side of the footing rather
than actually causing separation on the tension side.
The problem is now one of obtaining a reasonable estimate
of KS.
To simplify the use of the modulus of subgrade re-
action it is assumed that (a) the value of Ks is
independent of the magnitude of pressure and (b) the
value of KS has the same value at every point on the

footing surface.lo

Actually the value of the modulus

of subgrade reaction is highly dependent on the size,
shape, and depth of the footing. For the same soil, the
value of Ks decreases with increasing width of the footing
and also decreases with increasing length of the footing.
The value of Ks increases with increasing depth below
original gound surface. Teng10 and Bowles11 present
expressions to adjust the modulus of subgrade reaction
obtained by a one foot square bearing plaﬁe test to take
account for these footing size and shape effects. Some
guidelines for selecting KS are given in several ref-

erences.g' 1%, 11, 12 Table 1 gives a range of values

for KS to use as a guide for approximations.11
Another component of the base rotation is the ro-
tation due to bending in the base plate. Several assump-

tions are made in the derivation of an expression for

this component of the base rotation. First, bending in
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11
the base plate is assumed to be elastic. Second, it is
assumed that the axial forces and the moments due to the
stresses in the column web can be neglected without
appreciable error. Figure 4 shows that under an applied
moment the forces generated in the web are indeed small
with respect to the forces generated in the column
flanges. The third assumption is that the ratio of the
stiffness of the base plate between the column flanges
to the stiffness of the base plate outside the column

flanges can be represented by the factor lambda (\);

'A - ISlﬂJurJ FLANGES

Io«n’s:n& FLANGES
where )p<€ ) £ w

This factor allows any additional stiffness provided by
welding the column web to the base plate to be accounted
for in the expression for rotation due to base plate
bending. A fourth assumption is that, because of moment
transfer between the base plate and the column flanges,
the moment in the base plate just inside the column
flange can be represented by a factor beta (fa) times the
base plate moment just outside the column flange (where
0= A <10 ).

Before an expression for the rotation at the base
of the column due to bending of the base plate can be
developed, expressions for the forces acting on the base
plate must be derived. In the derivation all forces
acting on the base plate are considered to be concentrated

loads (Fig. 5). The resultant compressive force between
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14
the concrete and the base plate is assumed to act at the
centerline of the anchor bolts. Except for very stiff
base plates this position of the resultant is essentially
an outer bound for the location of the compressive
resultant. These assumptions are generally conservative
because they tend to result in an overestimation of
base flexibility and, therefore, an underestimation of
base stiffness. Referring to Figure 5 and using statics,
the tension force {FB) in the anchor bolts can be ex-
pressed as:

EMg=0y —Pla+ra) + Pe —qF =0

Solving this equation for F_, and rearranging:

B
FB - "_‘%_(Za +d) + Pe

(f
Pe —Ajzg(t)

4
F= Pl —+] ()

Similarly, the resultant compressive force (FC) may be

Fa

expressed as:

EMF‘-:O; PLoH-J/z) + Pe — %F,_ = O

. F-" FE +_EE<ZA*‘A)
: ¥

E = Fa + P/ZKQ
P
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The remaining forces acting on the base plate are
thoseapplied through the column flanges. Referring
again to Figure 4, an expression is derived for the force
(Pc) applied by the compression flange. It is assumed
that the average stress in the flange is equal to the
maximum flange stress. This assumption tends to compen-
sate for the force in the web which is neglected.
Therefore, from Figure 4:

R = A,’Fm‘ whoa A = Aeea oF THE FlLanGE.

From ; £u3= Ek-+ P%@*

R=A[% + &

Simplification gives;

s ()P4 1]

TR
Setting fs o MD é: =B, .

'P=xP|[Be + 1] (4)

In equation 4, the coefficient Bx is the same as the Bx

that is tabulated in the column tables published in the

Manual of Steel Construction% The trends for this co-

efficient and the newly introducted alpha (&) coefficient

have been studied and the results are shown in Table 2.
Using these expressions which have been derived

for the forces acting on the base plate, an expression can

be developed for the rotation at the base of the column

due to base plate bending. The method of virtual work will

be used in this derivation. In Figure 6(a) the real forces,

as modeled by the assumptions noted previously, are
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applied to the base plate and expressions are shown for
the bending moment in different regions of the plate.
Note that the factor beta (A8 ) is applied in the equation
for moment. Figure 6(b) shows the application of a unit
moment and the resulting virtual forces. Applying the

information from Figure 6 to the virtual work equation

0=z g du
6= {‘“L(Fﬂx)& R Y -g(gt)h

E.I,
-
+ [ [65 = 3xx]ARx +Fx —Px]dy
’ p ¥

gives:

Note that in the third term of this equation the
lambda ( )\ ) factor is applied to the base plate stiff-
ness. Multiplying both sides by Ep Ip and multiplying

the polynomials in the third term gives:

E “E ) - A2aF, BaF
=L 2 z = 8 e e x
E,,IPS’-J; .-aﬁ.x A +£ _?-!x Ax  + AJ [T o+ ._3’6._-.

L

- APGX _ 2 AzFx _ZGF‘ - 24 Pyl
-5——& —ﬁ—‘\—‘—? ar - -+-—_‘]’-—‘3 £ | Ax

Integrating;
EPIPQP - "-'F'c‘i'; + F‘az 5 _.L.[/sz“l’:::’l o /go.FcJL
33 3? A & Zla,
— AaRd® _ RAPRdE 2aF d3 2ol A"
y 7 i
: v 0 3
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Simplifying;
. A .2 p
Errrgr.[F‘._q-F.]-%E + 4;—[,845_ +_/‘9_Z__a

From equations 2 and 3;
FovFy= Pl§ + 1] + P[% - %]

2Pe

FF:
. ¥

Substituting for [F + F ] and combining terms;

EPIPP.-';égg% + [ F:(ﬁ -ﬁ:)-— (R Ffdli_
+(P¢.-Fc) 3‘{]

Factoring beta (,8 ), F , and d out of the second term;

EI,&-Z‘SP:'-*’G”‘F[j‘(ﬁ 1) - ('F' )2 -E‘- -l)z%

Simplifying;
PIPQ Zaape +%§[i—(ﬁ-])+<%_

From equation 3;

E=H%*%]
F, = FE[ é & -

Fi ze%é:L ]

From equations 3a and 4;

P. D(P[Bc. +17

A = Pe -4%§fk]

F - B, e +|-]
& - 2 o{c*&

)G -

(3a)
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Substituting for

ErTp 6 = 2;3?’- — P‘ = )[ (£-1)

B (za'*éf,;; 1 -)E- )]

Simplifying;

cino = 25 v AsdPe [ 24 0 LY(a)
-E = =

- e, 522 - 3]

Factoring out FE. and dividing by E;I;;

o B8 - 500G )

) <
+(3%____ E.Yo(Bx +(a<¢a.S) _é_

20

NIRS




CHECER E R E AE ETE " ETATEN

Zl

Now an expression for the rotation of the column
base due to bending in the base plate is available.
While most of the variables in the equation are straight-
forward and easily obtained for a specific column base
detail, the factors beta (A ) and lambda (A) are not
readily attainable. If the column web is welded to the
base plate it is obvious that lambda will have a value
greater than 1.0, but it is not obvious whether lambda
should have an order of magnitude of 10.0 or of 100.0.
Similarly, the value for beta will probably be only
slightly less than 1.0 if the column flange is welded to
the base plate on one side of the flange only. If the
flange is welded to the base plate on both sides of the
flange or is welded with a full penetration groove weld,
some transfer of moment will occur between the base plate
and the column flange. Either of these weld conditions
would require beta to have a value less than one. The
selection of reasonable values of the beta and lambda
factors will be discussed in another section of this paper.

If a value of 1.0 for beta (ﬁ ) is used the rotation
can be simplified somewhat. Substituting a value of 1.0
for beta leads to the following form for Equation 5:

B s, ) 0] (e

The third component of the column base rotation is

the rotation due to the elongation of the tension anchor

bolts. 1In the derivation of an expression for this

|
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rotation, two simplifying assumptions are made. First,
it is assumed that the plate rotates about the anchor
boltson the compression side. This assumption is con-
sistent with the assumed location of the resultant com-
pressive force. Second, the derivation assumes that the
anchor bolts do not yield and do follow a linear stress-
strain relationship. From Figure 7 the rotation due to

anchor bolt elongation can be derived as follows:

A.___ Fn\-s whars A‘- SuM oF AREA OF Anchgoe

Ag E BoLTs ON TENSION SIDE.

Using Equation 2;

=3 \
Fo=Pl%-+) (2>
and substituting for F; :
A __.[e_ - .L] PL,
i q - ;“BE%
assuming the anige of rotation is small;
b= "%

PlLe
;:t Eg

Simplifying this equation gives;

9=[2"'%j PL; A
: 29" MAE, o ()

Now a fairly simple expression is available for

.o 4=L%-%]

determining the rotation at the base of a column due to
anchor bolt elongation. Observing the first term of the
equation, it is apparent that for eccentricities (<)
less than % the result would be a negative rotation.

Therefore, for d‘-‘% this expression is invalid.
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There are two factors which this expression for
B neglects. The effects of pretensioning the anchor
bolts and the effects of crushing of the concrete under
anchor bolt head are both neglected. Pretensioning the
anchor bolts tends to decrease the rotation and increase
the stiffness of the column base. Conversely, crushing
of the concrete under the bolt head causes a reduction
in stiffness. Pretensioning the anchor bolts tends to
counteract the flexibility increase due to the crushing
of the concrete because some of the crushing is complete
before any loads are applied to the column. Neglecting
the effects of pretensioning the anchor bolts is not
usually critical because it results in underestimating
the stiffness.

The expressions, for the three rotational components
of the column base, which have been derived can be
summed to find the total rotation due to an applied

moment ( Pe ):

Boin. ™ G v 0, + 8,
‘ o (Zc - PL. _E_g_ Ze g
il B'ra'ru. e © K.,I,_. ¥ 2%2. As Es ™ E’ IP 331

S Taty )-8 22 -3 ()

Since the flexibility (7) is the rotation due to an

applied moment, divide through by Pe;

iy e
’O’_.r’;e_a

-
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vexz SRR g L [5G - )
+(};- %)(%Bw‘“—;“ﬂ‘g)]? (8

Substituting a Beta (ﬁ) ol "1.0;

- (Zc- Lc | _3_‘_ ___ oE
0= %z *-z,,—%. - g5 % “&(“B a>§ (2n)

e

Since the stiffness (K) is the inverse of the flexibility;

Ke =

B . thes e-adly Ty “_‘ I
& K:Is+(:3f5:5.+6;rp 31 B’(a rze)p- ') l)é"s Pt )].S

Substituting Beta (A ) equals 1.0;

|
- - . oF al_ e \ (‘f
= Al e )

Using BEquations 7, 8, and 9, the engineer can obtain an

(%)

estimate of the flexibility and stiffness of a column
base of the type studied.

A few notes on the use of these equations are called
for. First, since Egquation 6 is invalid for eccentricities
(e) less than %% , the equations given for flexibility
and for stiffness (Equations 8 and 9) are not valid for
values of e less than @ﬁ. Second, the equation derived
for the stiffness at the base of the column gives an
approximation of the absolute stiffness. Therefore,
when comparing the base stiffness with the column stiff-
ness, the absolute stiffness (4EL/_) of the column should
be used, or alternately, the base stiffness should be

divided by 4E (where E is the modulus of elasticity of the
base materials) and compared with the relative stiffness

of the column (I/L).
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CALCULATOR PROGRAM

A

program has been developed for the Hewlett-

Packard HP-41 calculator which solves the expressions

previou
bases.
provide
input t
B
D
K

s

Lp

Ag

Ep
d

B
X

X

a

E
P

b

P

g

A

sly developed to determine the stiffness of column
A listing of the program and sample output are

d in Appendix B. The program prompts the user to
he following variables:

= Footing width

= Footing Length

= Modulus of subgrade reaction

= Anchor bolt length

= Summation of area of tension anchor bolts

= Young's Modulus for anchor bolts

= Depth of column section

= Ratio of column area to column section modulus

= Ratio of AF/A for column (See Table 2)

= Distance from column face to centerline of anchor
bolts

= Young's Modulus for base plate

= Base plate width

= Base plate thickness

= Ratio of base plate moment just inside flange
to base plate moment just outside flange

= Ratio of base plate stiffness between column
flanges to base plate stiffness outside column
flanges
= Axial load

= Load eccentricity
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Once the variables have been set, the program calculates
and prints each of the three components of the rotation,
the three components of the flexibility, the total
flexibility, and the total stiffness of the column base.
The user is then given the opportunity to change the
column base variables and the applied loading (P and e).
This program works very well and saves considerable
time in computing the column base stiffness. It is very
useful in the design process because it allows one to
vary the inputs and compare resulting stiffnesses fairly

quickly.

BEHAVIOR

It is very important in structural engineering, as
well as other fields, for the engineer to have a good
understanding of the principles involved and the behavior
which the equations exhibit before using them. The
purpose of this section is to observe the behavior of
the derived expressions as small changes are made in the
variables involved. The behavior is studied by beginning
with a set base configuration and varying values of one
variable at a time. The beginning base configuration

selected is:

Ly = 24 in. b = 30 in. D =10 ft.
£3 Sl 'y =t =
Ag = 6 in. tp = 2 in B =6 ft.
a =4 in. B =1.0 K, = 250 1b/in’
A = 20.0

27
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First, the relative values of the three components
of the column base flexibility are compared. The flex-
ibilities due to each of the three rotation components
are determined for a W14 x 43 column with the base con-
figuration given. These flexibilities are determined for
eccentricities of load varying from zero to 120 inches.
The three components of the flexibility are plotted in
Figure 8 together with the total flexibility of the column
base connection. For this particular case the footing
rotation component accounts for the largest percentage
of the total base flexibility. Note that for values of
eccentricity of less than about 12 inches the equations
behave much differently than they do at larger eccentri-
cities. This graph amplifies the importance of the
limitation of the equation to values of eccentricity (e)
greater than 3%1.

Figure 9 is a comparison of the full stiffness of
the selected base for a heavy 14 inch column (W14 x 426)
and a light 14 inch column (W14 x 43). Superimposed on
the same graph is a plot of the stiffness for a represent-
ative 14 inch column. For this representative column
alpha () was taken as 0.385, Bx was taken as 0.185, and
the column depth (d) was taken as 14 inches. The graph
indicates that using these values of &, Bx’ and d
results in a lower bound estimate for the column base
stiffness. Figure 10 shows similar results for 12 inch
wide flange columns; where o= 0.385, Bx = (0.215, and

d = 12 inches for the representative 12 inch column. It

23
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should be noted that the percent change in the base
stiffness with column weight is quite small in comparison
with the percent change in column weight.

The final observations of behavior are made by
varying the values of Ks, D, B, LB’ Ag, & B b, tp’ i
and one at a time. The reference curve is for a
representative 14 inch column with the base configuration
given earlier. The variation of base stiffness with
small changes in these variables is illustrated in Figures
11 through 21.

In reviewing the graphs of these variations several
general characteristics are noted. First, for all of the
variables except Beta (A ) small variations from the
reference value cause variance in the stiffness (K) of
at least 10 percent. The variation of stiffness is
particularly large (20 to 50%) for changes in Kg» in D,
and in values of tP less than 3.0 inches. Small changes
A

ia. B, L d, a, b, and result in variations of

B* "B’
stiffness of roughly 10 to 20 percent. This
would indicate that, if the engineer had a fairly good
estimation for these variables and took care in esti-
mating Ks, D, and tp, an estimate of the base stiffness
could be determined within about 10 to 20 percent.

The distressing point is that the modulus of sub-
grade reaction (KS) 1s probably the most variable and the
most difficult to determine factor, in addition to being

one of the most critical. As a possible approach to

counter this problem one could choose upper and lower
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bounds for the subgrade modulus and calculate coorespond-
ing upper and lower bounds of stiffness. The other
variables are not quite as critical since they can be
altered in the design if need be.

Focusing attention on coefficients introduced in this
study; B and A . First, it was found that if A could
be taken as unity the expression for base plate bending
could be simplified significantly. Based on the graph in
Figure 20, it appears that assuming Beta (B ) equals unity
would be very much acceptable for approximating base
stiffness. In comparison with the variations of the stiff-
ness with changes in other variables, the variation of
stiffness with changes in Beta is negligible. Nevertheless,
if more accurate estimates of the base stiffness are de-
sired, the possibility of using Beta less than one should
be explored.

Finally, some conclusions can be drawn concerning
Lambda (A ) from the plot of Figure 21. There are basically
two situations to be considered in choosing values of
this coefficient. First, if the column web is not welded
to the base plate it appears that Lambda () ) should be
taken conservatively as 1.0. Second, if the web is welded
to the base plate some value greater than 1.0 should be
chosen. The question of how much the column web stiffens
the base plate is one without an obvious answer. Ideally,
a finite element analysis, backed by experimental tests,
could be used to get an approximate range for Lambda (7))

in this case. Looking at Figure 21 carefully reveals that
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the difference in stiffness between A= 10.0 and
x = 100.0 is very small. Based on this graphical re-
presentation it appears that assuming Lambda (A ) equals

either 5.0 or 10.0 would give a reasonable lower bound

value for the stiffness.

RECOMMENDATIONS

Application of this expression in structural engi-
neering practice should be done only after obtaining a
good understanding of the behavior of the equation and
of the assumptions involved in the derivation. If the
engineer understands the behavior and the assumptions
made, he can easily choose values for the variables which
will give conservative estimates of the stiffness, with-
out being overly conservative. |

For the use of the equations to obtain approximate
values of stiffness and flexibility, several recommenda-
tions are made. First, it is recommended that the
average values given in Table 3 be used for representative
nominal column sizes. Second, it is recommended that
Beta (p ) be taken as unity. For cases where the column
web is not welded to the base plate, Lambda (A ) can
be taken conservatively as unity. Finally, if the
column web is welded to the base plate, a value for
Lambda of 10.0 is probably a slightly conservative

assumption.
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Wiz )2 im, 0.216 0.385
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Tables are provided in Appendix C which allow the
engineer to very quickly obtain a rough estimate for the
column base flexibility and stiffness. The three tables
give values of flexibility for each of the three com-
ponents of rotation. Table Cl tabulates flexibility due
to the footing for different sizes of square footings
and different values for the modulus of subgrade reaction.
Table C2 tabulates the flexibility caused by anchor bolt

elongation for various values of L, and A and for

B B’
different nominal column sizes. Finally, Table C3
tabulates values of flexibility due to base plate bending
for different nominal column sizes as the base plate
thickness varies. These tables are provided as a quick
way to obtain a first estimate of column base stiffness.
A value for each of the three components is selected.
These three values are thensummed to determine the total
base flexibility. Finally, the inverse of the total
flexibility is taken to give the total base stiffness.
The recommended procedure for using these relation-
ships and design aids in structural design is as follows:
1. Use portal method or some other approximate
method to obtain preliminary estimates of mem-
ber forces.

2. Assume trial member sizes and column base
configuration.

3. Use the tables in Appendix C to approximate
the flexibility due to each of the three rota-

tional components ( ’J}) %1¢ 7,. ¥
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Determine the approximate base stiffness (K) by:

|
K ?F‘P?"P]TP

Using this base stiffness to either:

(a) Determine a distribution factor for the

base of the column, for use in moment

distribution;
DF. = otk whis K, = 2ETen
Kuse + Kcu.. : Leor

(b) Choose an equivalent member, to attach to
the column base just above a hinged support
(see Figure 22), which has the same stiff-
ness that the assumed column base has;

K = YEI,,.,

BASE
em

= F 2
s Lo _ K whiw I, = I For gquiv. mMemae
bgy 4 Lg, = LENGT™H or EQuiv. MEMEER.
Analyze the structure by the method selected
to obtain design member forces.

Calculate the rigidity ratio:

6« - '_'Q'K o Kcu > 46[_1-“
. Kease co

Determine effective length of the column using
the effective length factor alignment charts.
Revise column size and base detail.

Revise approximation of column base stiffness
using Equation 9 or calculator program.

Repeat Steps 5 through 10 if necessary.

This recommended procedure is illustrated in Appendix D.
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SUMMARY AND CONCLUSIONS

An expression has been developed which allows an
engineer to approximate the stiffness of column bases.
The approximation considers the combined effects of
footing rotation, elongation of anchor bolts, and bend-
ing in the base plate. Several simplifying assumptions
have been made:

1. Base plate, anchor bolts, and soil behave

elastically.

2. Forces in the column web are neglected.

3. Forces on the base plate are modeled as con-

centrated forces.

4. Resultant compressive force in the concrete

acts at the bolt line.

After developing the expression a sensitivity
analysis was performed to investigate the relative
significance of the variables involved. The stiffness
was found to be a very strong function of the modulus
of subgrade reaction, the footing length, and the base
plate thickness. Variations in the values of the other
functions caused only a moderate variation in the base
stiffness with the single exception of Beta (B ),
which caused very little variation.

Based on the assumptions made in the development
and the results of the sensitivity analysis, recommenda-

tions were made for the practical application of these

expressions. Examples of the recommended applications
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are given in Appendix D. A program for the Hewlett-
Packard HP-41 calculator and approximate flexibility
charts are presented as design aids for utilizing the
proposed method.

This method provides a rational approach for es-
timating the column base stiffness for a specific base
detail. Research is needed, however, to verify the
validity of this method. The engineer should recognize
that the calculated base stiffness using this method
is accurate to only three significant digits at best
because of the assumptions and approximations made.

If used intelligently the method presented will be of

significant practical value to the practicing engineer.
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B = WiDTH oF FooTING,
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B = PERCENTAGE o= MOMENT IN BASE PLATE QUTSILE oF COLUMN FLANGES
TAAT CARRIES ovER To BASE PLATE BETWEEN FLANGES,

K ®

R = Force 1N TENSION ANCHOR BouTs,
Fo= CoMPRESSIVE FoRQE BeTwEEN C(aNCeETE ANL Base PLATE.
4 = ColuvmnN  DEPTH,
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AMcHo2 BoLTs,

i:d*-z.a

M MAXIMUM STRESS IN CoLumn FLANGE,
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Pe= Fopee v ComprEsSIVE QOLUMN FLANGE .
E,. =FoRCE N TENSLE Qotumn FLANGE,

A =AREA oF CoLumn (Cross SECTION.
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= A./A

BA’A/S;

b = WIDTH oF BAsg PLATE,

to = THIGKNESS OF BASE PLATE,
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I, = Momenr oF INERTIA OF BASE PLATE IN PLANE oF BENDING,
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Aﬂ =CRANGE N LENGTH oF TENSIoN ANCHoR BoLrs.
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As =Sum oF AREA oF AL TENsioN Ancnop Bours,

E, = Moburus oF ELASTICITY oF Auewck BouTs.

§, = THE RoTATION DUE TO EXTENSION OF ANcHok BOLTS.
¥ = Base FLEXIBILIT™.

K= Bace STIFENESS
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379 “CHG COL-Y/N?*

748 AVIEW
341 PSE

342 XEQ “Y/N"

43 #=1?
344 GT0 8¢

£7

345¢LBL 14

346 “CHG AB LOC-Y/K7"

347 aviEw
348 PSE
349 YEQ “Y/N"
159 #=Y°

351 GTO @5

I520LBL 15
753 CHG BP-Y/N’
754 AYIEN
355 PSE
356 XEQ “¥/N"
357 X=?
353 670 &

I5%¢LBL 16
368 “CHG COEF-Y/K?*

6! AVIEN
362 PSE

3%3 KER "YW
164 X=1?
365 GT0 @7
386 10 88

3670LBL YN
368 °Y

.....

371 RON
I72 PROMPT
373 ASTO ¥
174 ROFF
379 KTN

376 END
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OuTPUT &

XEQ “BASFLEX
PRINTER ON
HORMAL MODE®

TNPUT DATA

UNITS
¥IP3, INCHES

ETG WIDTH?

72.ARRABARA RUN
FTG LENGTH?

72, daaeaneg RUN
SUB mODULUS?

. CARBADAGA RUN

RE LENCTH?

24, 0090R0A4 PN
RB ARER?

ENCCEEEEEE RUN
RE MOD ELRST?

29084, Aeaan R
COL DEPTH?

14, dRAARARR UK
CoL 8%7

. L2480 aRae RLN

QLFHR?
AB OFFSET"

4, 00AdARERE KUN
BP MOD ELAST?

29984, Paana RN

Tt
8P RiDTH?

24, A00pRae R
8° THICKNESS?

L. 5800p00ea  RUN
BETR?

1.000004088  RUi
LAREDR?

19.00008038  RLY

AXIAL LOAD?
208.0080688 RN
ECCENTRICITY?
12.00008888  RUM

THETR FTG=

B.8853587¢ 5
FTGFLEX=

4.888892277
THETR RB=

4. 0888R545¢4
ABFLEX=

B.809980805 -
THETR BP=

8.88133545;
BPFLEX=

A, R9aRa5S -
THETE TTL=

B.B86779324
FLEX TTL=

B, aARaR2223
STIFF TTL=

334917, 609)

CHG BRSE-Y/N?

N 9
CMG LOADS=Y/¥?

53

AXIAL LOAD”
209, e08aeEa RN
ECCENTRICITY?
j6.00eBRABE  RUN

TEETR F7G=

8.816875187
FTGFLER=

8. 89899227
THETA A=

899263965
RBFLEX=

B, RRRARAI7¢
THETR P=

8.88203374%
BPFLEX=

3. 89ARA2%7
THETR TTL=

9.928352107
FLEY TTL=

.8898620%¢
STIFF TTL=

345272, 356

CHG BRSE-Y/N?

v

CHG FTG-Y/N?

-y

3

Y
FTG WIDTH?
72, 8ABRdaRA ik
FTG LENGTH?
96. BARBRRRE RU




CHG SUBMOD-Y/K?

x.
2

CHG RB-Y/N?

[ Rl
CHG COL-Y/N?

CHG RE LOC-Y/N?

N Rl
CHG BP-Y/N?

N RU»
CHG COEF-Y K2

N RUL
AXIAL LORD”

290, BBRAEHA RUN
ECCEMTRICITY

12.R0ReRge  RUN

THETR FTG=

8.8822685¢0
FIGFLEE=

. BARRRG4Z
THETA AB=

B.BBRZAGES

RBFLEX=

@, hABARGAT:
THETR BP=

. 088734457
BPFLEX=

d. ARAAREIE:

THETA TTL=
8.88720195°

ATIEE TT! =
CHIF" HiIL=

749542, 8358
CHG BRASE-Y/N?

N
CHG LORDS-Y/N’
K kL
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APPL—’.NDIX Q-— TisLES For APPROXTMAT ING BASE

FLEXIBILITY AND <STIFFNESS.

TARLE L] — Fiexigicmr Due T FoOTING ROTATION

Fooring FrexiBiiry (107 kiu™)

Fooring Ks (%5

Dimension| 100 150 200 2s0 | 300 | 3s0 400 450
2'x2' | 361.690 | 241.127 | 190.945 | 144.67 | 120.563 | [03.340| 90.9422 | 80.376
3x3' | 71445 | 47630 | 35722 | 28578 | 23815 | 20413 | ;7.3 | 15977
4'x4' | 22406 | 15070 | 11.303 | 9.042 | 7s35| GA4s1| Ses | so023
5'x8’] 9.291 ] ¢£.113 4630 | 3,704 | 3086 | 2.6%6| 2,35 2.058
6'xG' | 4465 | 2477 | 2.233| 17% | 149 | 1276 | i.ne 0.992
7'x7" | 2410 | 1607 | 1205 | 0964 | 0903 | 0.699 | 0.603| 0536
g'xe'| 1412 | 0942z | 0706 | 0565 | 0471 | 0404| Q353 | 0314
q9'x9"' | 0%%2 | 0592 | 0441 | 0353| 0294 | o252| 0221 | 0196
10'x10'| o0s79 | 03% | o209 | 0231 | 019z | 0ues | 0145 | 0429
I'x1’| ozas| 0.264| 0098 | o1s2 | 0432 | onz | 0099 | 0.099
12'%12"| 0279 | 0% | om0 | Ouz | 0093 | 00%0 | Lo70 | 0.062
12'%)2"| 0203 | 0435 | Qlol | 0081 | 0062 | 0059 | L.0SI | 0045
x4 ois1 | oo | 007 | 000 | aoso | vosz | cp3z8 | 0033




TR TR A E EE TR LT T e -

b)

Taere (2 — Fiexeinimvy Due To Auchor Rovr EWNGATION
ANC'-HOP- Rour FrLeExiBILITY ( 10~% k.u."}
A%t::si:“ COS‘::_:J wap Afl*" Ag= e “bw' A= 7" Aﬁ' 10"
e=12" 008X 0027 0.01% 0.012 001l
W4 e=24" 0347 0174 016 0.087 0.0469
e=3" 0445 | 0223 | 0.4% | 0.111 0.089
e=4g" 0444 0.247 0.165 0.12% 0.094
e=)2" 0.1249 0065 | 0.042 0032 | 0024
L=18" | wiz e~2¢' 0453 | 0.226 | o151 | &.113 | 0.09]
e= 3! 0.560 0290 0.187 | 0.140 0.2
e=43" 0.614 0,307 | 0205 | 054 0,123
e=\2" 0.239 0.120 0.0%0 | 0.060 0.044
W10 e=24" 0549 0299 | 0200 | 0.6 | p.120
C=326" 0.71% 0.351 | 4.22%9 | 0.1%0 0. 144

I 2.054

| 0579 . ; 0.116

e:26" | 0742 | 0311 | 0247 | 0uge | 0.148

e=¥" || 0824 | 0412 | 0275 | 0.206 | O.les

e=2"” [ 0216 0.108 0.072 0.054 | 0,042

L,=30"| wi e=24" 0.75¢ | 03717 | o251 | o189 | 0151
e=3¢ 0.934 0467 0.21 0.233 | 0727

e=4%" l.oz4 0512 0.241 0256 | 0,205

e=12" 0.299 0.200 0.122 0.100 0.0%0

WiD e=2¢" || 049¢ 049 | 0323 | 0244 | 0.200
E=36" [.197 0.s49 | 0.299 0.299 4.229

e=48" | 1.297 | 0649 | 0432 | 0324 | 0259

Nore -

E, = 24000 ki



g

bz
There 3 - Fexisitity Due To Base PLare  BENDING.
BAse PLATE FLEXI8ILITY (;0“ k-‘»s")
‘;:—:;‘“ S t=10" | t,= 125" [ 421" [ H=175" | £,220" | 225" |£,220"
C=i2' | 1.959 0952 | ossi 0347 | 2232 | 0119 0.069
Wi4 e=2¢" | 1957 | |02 0580 | 0365 | p245 | 025 | 0072
e=3%" | |.990 1.019 0.590 | 037 0249 | 4.127 0.074
e=4" | 2.007 1.027 0595 | 0374 | 0251 | 0O.28 007
e=1z" | 2.223 | ].12%¢ 04659 | 0415 | 0.27% | 0142 | 0.052
e=2¢" | 2.302 1.179 0.682 0430 | 0.298 | 0.147 |0.0%5
Wiz
e=3%"| 2329 | L1492 0690 | 0435 | 0291 | 0149 | 0.0%86
=4’ | 2342 | 1.199 0694 | 0427 | 0292 | 0.)50 | L0927
e=12" | 2,742 1404 o.212 | 0512 03242 | 0175 2102
€=2¢" | 2.903 ]435 | 0830 | 0§22 | 0.350 | 0.179 0,104
W10
e=3." | 2923 |44S | 0926 | 027 | 42353 | .18 | L.uos
e=43" | 2.833 | )45] 0.940 0529 | 0354 | 0.18] | L.I0S

h o= fe =% o' o = s m e e o = bk m e

NoTE: This Ta&Le Assomes THE

a= 4"
b= 24
Ep‘ 24000 leas

,3:1.0
A= 50

FoLLOWING VYALUES 2




b o= o =% o"m o = b = %Y e o b = s

—

63

Appendix D - Exampre

THE FRAME SHOWN REPRESENTS A BAY OF AN

INDUSTRIAL  BUILDING WITH A CRANE,
1.2 %
24% B T . N W | I ey S
r_—""‘--._____ -____.f’
| SN o
K I
II 4
’ /
24 / |
/ /
/ /
/ /
} )
/ /
) /
__[_!:EA ED
| w
I
stuwmzv ANALYSIS — ASSUME PoOINTS OF CONTRAFLEXURE
OlVR AT POINTS 4t FROM POINT B AND 8fFft Feom £,
.2%
i ) ) [ [
‘f_ 28’
gk R
e/ \.1"‘
Al i 223" 222" 1§ I
. - Kl
M= 157 l l N=872
1 es® X'y 200
ol hS
4!
32"‘ 27.2

Ll6" i 2264
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ReSuLTS N THE FOLLOWING ForceS AND MOMENTS.

1572« 5 5™
/‘ﬁ‘ P=212" AT
)
62" 226"

CHoose TRIAL MEMBER SIZES:
CoLumNsS P=226" M=4573% Assome WH4 ' m=)7
Py =P +mM, = 226 +17(s73)
Py = 1200%
Assume K=2.0 v Kl= 49’

From CoLUMN TABLES TRy  W/MH4X45s (C=7/90u.%
_B_Eﬁé. Assume Fp = 22 ksi KAJcau-t“d éf'acc'nj)

= S RiIZ. - -
‘SEEo'o- T = 33w

Try W30x116 (T =4930 wt)




Lotwmn _BASES — ARBITRARILY CHAOSE !

b=8' Le=24" d= Min az 4" A=/

B=8 Ay =42 By=0./8S  E, =290k }=5

K=200%3  E =2%000ksi A=038C b= 24" e=2¢"
t,=.5"

-/
n

Feom Taere &1 — 4. 0707 x10™% (kin)
From TasLe (2 — @, = 0.232x107% (ki)™
From TA8LE (3 - @, = 080 x16™% fiin)”

T,n= 1519 107 Ceen)™!

]

e = 658,329 kin

Dererming  Disteisorion Facror For loLvmn BAsE

¥ o 4(29000)(7/90)
L | 24(12)

= 2,995,972 fe

Kd‘l.
X&m-. v Kdo:..

N

W 2,895,972 ki-
T 658328%F 2,895,972 kim

DE = 0815

AMAst:s BY MomenNnT DISTRIBUTION GIVES THE
ResuLTS SHOWN ON THE FOLLOWING SHEET
Foe THE PINNED BASE ANO THE  PART/ALLY

RESTRAINED RASE,

r-h-'-'-d-h-h-°-ﬂ-‘-



o um e e o o = s o Y = o = b m s

A

A7

Punes  Rases

100" 7

3\ s
A A
K
L‘/ 4% k) ”4

PArTIALLY  FixED

RAsEs

bl



am e % o'eon o = ds = Y =

.

T

...._.-.26', .

ITERATE To0 FINAL DesigN.:
Pioned Bask PaprineLy  PeSTRAINED BAsE
o L2¥ ga2"’ 106*' 512~
242% x ’_L T 13 &7‘ /b i g - . \
' Iw m,l 1/ 26.)% * l = 26.1%
'3
574" 1304" 4 200" s
592X 12 bia* 2263
- e . TR “3
S&,'A 27 323 Seub’d = {/i:!l = 2772
Try W30X It For  beam Toa WREX 108 & ke m
4 ks ‘ 226.3"
592~ g12*y

247 %

247%

A

Lso.-t“*

Pp = 2304 + 1(592)

Ree= 1237

For K=2.0
ﬂﬁ w}+)f5—00 ér' AQIUMH
N

Revise K
G = )0

B

* 24.1 %
n+"’\76
224.3*

Py = 2263+ 17(5/2)

<

P = 1097%

1cor K"-"ZO
Trw WI4X455 for colomn

Y]

Revise K

& = 2895772 — 440
8 658228



h o= v =% " o = s = %Y = o o= b = e

bt

- T190 SN o -
G, i Gy g™ bbb

Feom EFFECTIVE LENGTH FRom EFFELTIVE LENGTY
NoMoGRAGH Uf SIbESWAY NOMOGRAPH uf SIDESWAY

K=20 K=)75

oKL =42
A T;"j [/U/‘f-x 500 1CDv- Ca[UP"'
ol 771 W/4'X370 :)be Co/umn
Vv

S. By TRKING ALLouNT OF PARTIAL RESTRAINT AT
The COWMN  BASES, A SAVINGS Has ALREADY

BEEN REALIZED OF:

8 lbs/F+ oF Beam

$
120 Ibs /£t o LoLoMn

THIS Is A SAVINGS OF 6560 /bs per BENT

Nore : Berore This DecieN AN &&  ALEPTED

THE ADEQUALY OF THE MeMRERS SHOULD JERIFIED
VDSING THe AISE  INTERALTION EQUATIONS,
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The Wrigley Building ' 400 North Michigan Avenue / Chicago, lllinois 60611-4185
312-670-2400




