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ABSTRACT

In the design of steel columns in unbraced frames, the current AISC specification
commentaries from both LRFD and ASD contain an alignment chart to determine the K factor
for a particular column. The X factor is based on the effective length concept where K factors
are used to equate the strength of a compression member of length L to an equivalent pin-
ended member of length XL subjected to axial load only. The unbraced frame alignment chart
is a graphical representation of a transcendental equation of a buckling solution of a
subassemblage. This solution inveolves several assumptions limiting the use of the alignment
chart to idealized cases not necessarily satisfying a particular practical situation.

The aim of this study 1s to 1) compare X factor values from frame instability analysis
using structural software with values from the alignment chart in situations where the
assumptions of the alignment chart are violated and 2) suggest application of appropriate
known solutions to particular situations in which violations of the assumptions oceur.
Situations investigated are: variations in bay width, variations in column moment of inertia,
variations in loading, and variations in column height.

The nomograph performance was found to be relatively insensitive to bay width
variation. Variations in column moment of inertia and column loading lead to large inaccuracies
in the nomograph X factor values but Lui’s method handled these cases well. The nomograph
performance was found to be most sensitive to column height variation. Configurations with

large variation in column height require system stability analysis to obtain accurate X factors.
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Chapter 1
Introduction

1.1 Problem Statement.

In the design of steel columns in unbraced frames, the current American Institute of
Steel Construction (AISC), commentaries for both the Load and Resistance Design Factor
(LRFD) Specification and [AISC 1993] and the Allowable Stress Design (ASD) Specification
[AISC 1990] contain an alignment chart to determine the K factor of a particular column [Lui
1992]. The K factor is based on the effective length concept where K factors are used to
equate the strength of a compression member of length L to an equivalent pin-ended member
of length KL subjected to axial load only. The alignment chart is deemed to satisfy the
“analysis” requirement of LRFD-C2.2 to get “adequate” X factor values of columns to
determine their effective lengths [Salmon and Johnson 1990]. The LRFD [AISC 1993] and
ASD [AISC 1990] commentaries recommend its use instead of frame buckling analysis to
compute K factors.

The alignment chart is widely used because of its straight forward method of obtaining
the effective length of a column [Shanmugam and Chen 1995]. The unbraced frame alignment
chart is a graphical representation of a transcendental equation of a buckling solution of a
subassemblage. This solution involves several assumptions limiting the use of the alignment
chart to idealized cases not necessarily satisfying a particular practical situation. The aim of
this study to observe the accuracy of the K values obtained from the alignment chart when the
assumptions are violated (see article 1.4 for discussion of assumptions considered in study).
The study will also find solutions to particular situations that are applicable when the

violations of the assumptions underlying the alignment chart occur.



1.2 The Effective Length Method.

The effective length approach is an approximate method of second order analysis used
for column stability evaluation. It examines an individual member instead of the framed
structure as a whole. This is necessary in order to simplify the analysis to a level that is
practical for use in routine design.

A compression member in a frame interacts not only with other members which are
adjacent to it (horizontally) but it also interacts with members in other stories (vertically). In
order to adequately represent these interactions the analytical process can become very
complex and would require a full system instability analysis.

Estimation of the interaction effects of the total frame on an individual compression
member is the essence of the effective length concept. The K factor is used to equate the
strength of an individual framed compression member of length L to an equivalent pin-ended
compression member of length K7 subjected to axial load only. Although it is completely
valid only for ideal structures, the effective length concept is the only tool available capable of
handling cases which occur in practically all structures and is also an essential part in many
analysis procedures [AISC 1993]. Although it is well known that the effective length
approach introduces inaccuracies into the process, the simplicity of examining an individual
member is likely to make the approach an important part of framed column design in the

foresecable future [Hellesland and Bjorhovde 1996].

1.2.1 The Alignment Chart.

The alignment chart is recommended by the LRFD [AISC 1993] specification for the

computation of K factors. The chart is based on the buckling of the subassemblage as shown



in Fig. 1.1 [Shanmugam and Chen 1995]. The resulting transcendental equation of the

buckling solution for the unbraced subassemblage is of the form,

GGy(m/K) =36  mx
6(GA +GB) - tan(ﬂ/K)_

4 4P
—59
’ where G, and G, are the column to beam
€1 _
Jds e stiffness ratios at the two column ends defined as,
g1 a2 ]
K "8

2 ;‘ (EI/L)column
G, =

3 Bgﬂ Bg i g (E]/L)beam

cl ; (EI/ L)ca.'umn

4 RGO
-

The graphical representation of the solution of the

transcendental equation is the sidesway permitted

Fig. 1.1
Subassemblage of an unbraced frame . . ]
used in the development of the alignment chart alignment chart shown in figure C-C2.2 in the

AISC manual [AISC 1993] (Figure 1. 2).
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violations occur are listed and discussed in article
Fig 1.2
The alignment chart 2.3 of Chapter 2.

1.2.2  Assumptions and Simplification.

The alignment chart as developed by O. J. Julian and L. S. Lawrence is presented in
detail by Kavanaugh [1962]. They prepared the currently used chart with the following
assumptions [AISC 1993]:

1. Behavior is purely elastic.

2, All members have constant cross section.

3. Alljoints are rigid.

4. For braced frames, rotations at opposite ends of restraining beams are equal in

magnitude and opposite in sign, producing single curvature bending.

5. For unbraced frames, rotations at the far ends of the restraining members are equal

in magnitude and opposite in sign, producing reverse-curvature bending.



6. The column stiffness parameter ¢ = L, fP/EI must be identical for all cohumns.

7. Joint restraint is distributed to the column above and below the joint in proportion

to I/L of the two columns,

8. All columns buckle simultaneously.

9. No significant axial compression force exists in the girders.

The LRFD Commentary [AISC 1993} section C-C2 on frame stability notes that
these assumptions and simplifications are based on idealized conditions, rarely existing in
practice. It goes on to state that when the assumptions are violated, unrealistic design may
result.

Guide to Structural Stability Design Criteria for Metal Structures [Galambos 1988]
suggests that the chart is applicable to symmetrical frames, symmetrically loaded, and gives

reliable results for frames where the stiffness is approximately proportional to the loading.

1.3 Alignment Chart Performance.

Various researchers have dealt with the problem of the performance of the alignment
chart when the assumptions on which it is based are violated. Most studies presented
situations in which the alignment chart gives unrealistic X values and presents solutions to
them. Some [Duan and Chen 1989, Bridge and Fraser 1987, Yura 1971] modify the stiffness
ratio, i.e. the G factor, some [LeMessurier 1977, Chu and Chow 1969] introduce corrections
to values from the alignment chart, some [Aristazabal-Ochoa 1994, Lui 1992] give new
equations to obtaining the X value, and some [Cheong-Siat-Moy 1986] go so far as to

propose the elimination of X factor use in the design process.



Yura [1971] attributed much of the misunderstanding of the effective length concept
to the direct use of the alignment chart in situations where the basic assumptions in deriving
the chart are violated. Two basic assumptions; 1) elastic action and 2) simultaneous buckling
of all columns in a story; are identified as being inaccurate in practical situations and

producing overly conservative K factors.

In the case of elastic action, Yura [1971] suggests that inelastic action starts at about

0.5}7J‘,Where the column slenderness ratio is less than the critical slenderness ratio. In the

inelastic range the stiffness ratio G, . is defined by the equation: —E[.Geiam, where E,is

the tangential modulus of the column in the inelastic range. The reduced G computed as
Ginelastic 1s then used to find X values from the alignment chart. This approach can produce
significant reductions in K factors. In the current LRFD Manual of Steel Construction [AISC

1993} stiffness reduction factors are used in this manner to account for columns in the

inelastic range.

For columns in a single story which buckle simultaneously under proportionate
sharing of total gravity load, Yura [1971] suggests that design based on the alignment chart is
reasonably accurate. However, there are situations where an individual member can have
excess buckling strength. This can occur when different loading conditions exist within a story
and thus different columns will have different buckling loads and will not buckle at the same
time. The overall frame will not buckle until buckling loads for all columns have been reached.
The columns with excessive buckling loads will increase their buckling loads and thus decrease
their effective length. Yura [1971] states that this can cause the effective length of some of the

columns to be less than 1.0 (which is allowable in the current LRFD Manual of Steel



Construction [AISC 1993]) even with no bracing. Sidesway buckling is a total story
phenomena and a single individual column will not fail without all columns in the story
participating in the overall buckling in the sway mode. Yura [1971] presented a simple design

approach which considers the potential bracing capacity of columns in a story.

LeMessurier [1977] suggests correction to the alignment chart assuming that stronger
columns within a story will brace weaker columns during sidesway buckling. His approach
accounts accurately for the fact that all columns in a story buckles simultaneously. Initial G
and K values from the sway uninhibited alignment chart are used to introduce factor that
account for the reduction in column stiffness due to the presence of axial load and column end
restraints. These factors are then used in an expression to determine the X factor. A chart to

determine the factors is also given and simple solutions to certain cases are suggested.

Lui [1992] in his paper suggests that in the development of the alignment charts
certain situations are unrealistic in practice which results in inaccurate K factor values.
Variations in the value of the column stiffness parameter ¢ = L.\[}—’E across a story in
frames due to unequal distribution of column axial force, moment of inertia, and frames with
leaner columns can cause significant errors. Lui explicitly accounts for the effect of member
instability and frame instability effects in his approach towards a more accurate KX value. The
equation introduced contains terms that represent member instability and frame instability
effects. X factors for columns in unbraced frames with unequal distribution of lateral stiffness
and gravity loads and frames with leaner columns can be predicted with sufficient accuracy

using his formula.



There are researchers that suggest eliminating the use of K factor values in column
design. Cheong-Siat-Moy [1986] suggests that the use of the K factor presents a paradox to
the designer where member instability analysis and frame instability analysis give different
values. An example is leaning columns, which in practice would be given a K factor of 1.0,
while a buckling analysis would give values of greater or even less than 1.0. He also states
how columns with semi-rigid and fully rigid connections are also subject to the same
“paradox”. Elimination of these conflicts can be done via a column interaction formula
without the consideration of the K factor. It has been found that such interaction equations
that do not take the K factor into account may lead to unconservative results [Lieu et al.

1991]. Thus, this study does not take this approach.

1.4 Research Objectives.

The aim of this study is to :-

1. Compare K factor values from frame instability analysis using structural software
with values from the alignment chart in situations where the assumptions of the
alignment chart are violated.

2. Suggest application of appropriate known solutions to particular situations
in which violations of the assumptions occur.

Objective 1 shall be achieved by using an unbraced frame to determine values of the K
factor using both the analysis software and the alignment chart. Properties such as the bay
width, members moment of inertia, loading, and column height shall be varied with the aim of
violating the assumptions that the alignment chart was based upon. Robot V6 [Manual 1996]

is the structural analysis program to be used in analyzing the buckling length of columns. It is



a structural analysis and design program that is capable of performing linear or nonlinear
buckling analysis. Values from the alignment chart shall be calculated by solving the
transcendental equation that is used to develop the alignment chart instead of a visual
inspection of the chart itself. The comparison shall be done in the form of graphs of X values

against the parameter studied.

Various methods suggested by researchers in the literature shall be used in achieving
objective 2. Solution/solutions shall be suggested for situations where the basic assumptions

are violated with the aim of being a guide for designers when they are confronted with such

situations.
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Chapter 2
Parametric Study

2.1 Objectives.

The parametric study is carried out with the following objectives.

o To observe the difference between K factor values obtained from structural
analysis software and values obtained from the alignment chart.
e Give solution/solutions to the designer when faced with such situations.

2.1.2  Scope of Study.

The study covers unbraced frames, i.c., frames where sidesway is uninhibited. The
study attempts to create situations when certain assumptions of the alighment chart are
violated (see Item 2.3). Analysis by using both the alignment chart and structural analysis
software (Robot V6) are carried out and the results compared. Based on the results,
recommendations are made to designers when faced with such situations.

The study only covers buckling in the elastic range. Elastic buckling analysis is used
when running problems through Robot V6. When the alignment chart is used to evaluate X
factors it is implicitly assumed that elastic buckling controls [Salmon and Johnson 1990]. The
problem of inelasticity is well covered by Yura {1971} and Salmon and Johnson [1990] .

The study mostly revolves around the assumptions that the column stiffness
parameter, ¢ = L, /P/E[ , is identical for all the columns in a particular story and that all the

columns within a story buckle simultaneously. In practical situations, colummn dimensions and

loadings may vary thus varying the column stiffness parameters. In order for all the columns
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within a story to buckle simultancously the column stiffness parameters of all the columns

within the story must be the same which, in practical situation, is often not the case,

2.2 KFactor - System Buckling Analysis Versus Alignment Chart.

In order to compare the difference of the K factor values between a total system
buckling analysis and the alignment chart, a structural analysis software package ROBOT V6
[Metrosoft 1996] was used. System buckling analysis is the most accurate method of
obtaining the effective length factor in a framed structure [Shanmugam and Chen 1995]. Due
to its complexity it is rarely used in practice and instead an approximate effective length
method is used. Due to its assumptions and simplifications results obtained are often

inaccurate. This study attempts to address the inaccuracies and find solutions to correct them.

2.2.1 ROBOT V6.

ROBOT V6 [Metrosoft 1996] is an integrated structural analysis and design software
package. It has graphical input and output capabilities. It is comprised of a set of integrated
modules running in a common system. It is capable of performing linear and nonlinear static,
buckling, modal and dynamic analyses. This study uses the linear buckling analysis
capabilities of the package. The buckling analysis produces results of critical buckling loads
and coefTicients and effective lengths. The effective lengths from the analysis are divided by
the actual column length and used to obtain the K factor values from the system buckling

analysis.
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2.2.1.1 Verification of Robot V6.

In order to verify the results obtained from Robot V6, a trial run was carried out using
an example single-bay three-story frame with even column loads [Shanmugam and Chen
1995). Bay width is 25 ft. Story height is 13 ft. Loads are 28 kip per column applied at the
top of the frame. Column sizes are W8x48 for the first story (elements 1 and 2), W8x35 for
the second story (elements 4 and 5), and W8x35 for the third story (elements 7 and 8). Girder
sizes are W21x44 for the first and second floor and W14x30 for the third floor. The results

from both Robot V6 and system buckling analysis from Shanmugam and Chen [1995] are the

same (see Table 2.1).

- K-factor by system buckling
K-factor analysts from Shanmugam
Elem. (Robot V6) and Chen
1 1.14 1.14
2 1.14 1.14
4 1.14 1.14
5 1.14 1.14
7 1.52 1.52
8 1.52 ' 1.52

Results from ROBOT V6 and System Buckling Analysis
from Shanmugam and Chen

Table 2.1

The results validates the use of Robot V6 as a means of obtaining the total system

buckling analysis for this study.
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2.2.2 Values from Alignment Chart

K values from the alignment chart are obtained from solving the transcendental
equation that the alignment chart is based upon. This is to avoid any errors that can occur due
to errors in reading from the alignment chart. The equation [Shanmugam and Chen 1995] to be

used is,

GG,(m/KY =36  mk o
6G,+G,)  tan(n/K)

where,

g (EI/L)caiumm

G =
’ % (EI/L)beam
; (E]ll)cofumn

% SEn.,

2.3 Parametric Study.
The parameters to be studied are:
o the bay width
e column moment of inertia
o loading and loading configuration
e column height.
The column moment of inertia and the column height affect the stiffness of the framed
columns and thus the buckling strength of the columns. The bay width sets the girder length
affecting the stiffness of the girder with respect to the column and thus the column buckling

strength. The loading affects column buckling strength both by material nonlinearity
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introduced by inelasticity due to the actual load and also by the leaning effects from other
columns in the story. Symmetric and unsymmetric loading are considered.

This study uses as a baseline structure a three story two bay unbraced frame, fixed at
the column footings (see Fig. 2.1). The structure is taken from an article by Shanmugam and
Chen [1995]. From the reference structure the parameters to be studied are varied. The
variations are run through Robot V6 and their buckling lengths and K factor values are

obtained. The X factor values from the alignment chart are then obtained by solving the

transcendental equation.

P =40 kips P =40 kips P=40 kips
W14X30 W14X30
[o.0]
@) @)
1D 1® 3®
= W21X44 s w2lx44  F
al e~ 0O |
.1 @ ©
) W21X44 = wWalxad &
& o O
(8] 3
o 0 9
_L <~ TN AN
2 @258 o
S

Fig 2.1 Baseline unbraced frame for the study.

The increment and ranges of the parameters used in this study are given in Table 2.2.
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Parameter Baseline [Increment |Range

Bay width 256t |51t 125-50 i,

Col Mom Inertia [184 in™4 {~184 in"4 {184-1900 in"4

Loading 40 kip 4} kip 40-200 kip

Col Height 125 251t 12.5-25 ft
Table 2.2

The increment and ranges of the parameters used in this study

2.3.1 Bay Width.
The bay width is varied in increments of 5 feet from the baseline width of 25 feet until
the width is doubled to 50 ft (see Table 2.2 and Figure 2.2). Only the right bay of the

structure is varied, with the left bay held constant at 25 ft.

25 ft. +increment

f

—~ RN ‘\_\‘\

Variation in bay width.
Figure 2.2
Based on the alignment chart alone it would be expected that the widening of the bay
should have an effect of reducing the stiffness of the girder and thus increasing the G value of
a particular joint which should increase the X factor value of the connected columns. K values
for the left hand column tier (columns 1, 6, and 11) from the alignment chart will not be

effected since the chart uses a local approach considering only those members directly joined
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to the column. This increase in right bay width will violate the alignment chart assumption
that the structure is symmetric.
The results from the Robot V6 analysis and the alignment chart is presented in Table

3.1, Fig. 3.1a, Fig. 3.1b, and Fig. 3.1c. Results are discussed in Chapter 3.

2.3.2 Column Moment of Inertia.
The moment of inertia of the right hand column tier (columns 3, 8, and 13) of the

structure is increased to about 10 times the ratio of the baseline moment of inertia (see Table

2.2 and Figure 2.3).

1 I I vaned

~< =S <=\
Vanation in moment of nertia
Figure 2.3
The increments are done by picking an existing rolled section that has a moment of
inertia value close to the desired value. For example the baseline moment of inertia is 184 in®.
Twice the value would be 368 in, But the closest value tabulated for a rolled section is 341
in*. Due to the use of rolled table section in Robot V6, a value of 341 in* is used for ease of

running the variations through the program (see Table 2.3). Results from Robot V6 and the
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alignment chart are shown in Table 3.2, Fig. 3.2a, Fig. 3.2b, and Fig. 3.2c. Results are

discussed in Chapter 3.

Ratio |Section Used |Ix value(in4) |
1 W8X48 184 '
21 W10x60 341
31 W10x88 534
41 WI12x87 | 740
51 W12x106 933
61 W14x99 1110
71 W14x109 1240
81 W14x132 1530
91 Widx145 1710
101 | Wi14x159 1900

Column sections used in moment of inertia variation
-~ Table 2.3

Based on the alignment chart alone, it would be expected that the increase in the
column moment of inertia should have the effect of reducing the G of the respective joints and
thus reducing the K factor of the connected columns. As with bay width changes, the X factor
values for the lefi-hand column tier (columns 1, 6, and 11} from the alignment chart will not
be effected by the moment of inertia changes. The variation in moment of mnertia of right

column tier (columns 3, 8, and 13) will violate the assumption that the column stiffness
parameter ¢ = L, IP/EI for all the columns within the story is the same. This is also contrary

to the guideline that the alignment chart be used when the structure is symmetric.

2.3.3 Loading and Loading Configuration.

Loading and loading configuration will also be varied and changed to observe the effect
of violating the guideline that the alignment chart should be used only when the structure is

symmetrically loaded. Again the assumption that the column stiffness parameter

=1L, /P/EI for all the columns within a story is the same is violated. Alignment chart K
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factor values will not change with loading distribution and configuration since these are not
accounted for in the alignment chart equation.

The baseline column load of 40 kip is increased to 200 kip in 40 kip increments. First,
the right hand column tier is incrementally loaded while the left and middle column tier loads
are held constant at 40 kip. Loading the right columns gives both asymmetry of loading and
violation of the uniform column stiffness parameter. Next, the middle column tier is
incrementally loaded while the outside column loads are held constant at 40 kip. Varying the
load on the middle column tier will maintain symmetry of loading but violate the uniform

story column stiffness parameter assumption (see Table 2.2 and Figure 2.4).

Second First
P P + increment P + increment

v ¥ )

I I I
~< BN ~=\
Vanation in loading
Figure 2.4

Results from both Robot V6 and alignment chart are given in the Tables 3.3a, Table
3.3b, Fig. 3.3a, Fig. 3.3b, Fig. 3.3¢, Fig. 3.3d, Fig. 3.3e, and Fig. 3.3f. Results are discussed in

Chapter 3.
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2.3.4 Column Height.
Column height of the bottom and top stories are varied separately. Column height is

varied from 12.5 ft. to 25 ft. in 2.5 ft. increments (see Table 2.2 and Figure 2.5).

H + increment

H +increment

< =% ”\"\KA—
Varnation in height
Figure 2.5

Based on the alignment chart alone, it would be expected that the change in column
height would decrease the G value of one end of the column and thus decrease the value of the
K factor value of the column considered. The K factor for the top story will not be effected
by the column height changes to the columns in the bottom floor since the chart uses a local
approach considering only those members directly joined to the column. The same should
also be true if the situation was reversed.

To further observe the effect of the variation in column height, the topic least covered
in literature, a simpler baseline structure is also investigated, a two story one bay unbraced

frame with fixed footings. The bottom column height was varied from 2H times to 0.25H
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times the height of the top column, H (see figure 2.6). System buckling analysis, the

nomograph, and Lui’s method were used to find the X factor for the structure.

P =40 kips P =40 kips
al S © 5
o = @ o @ H
§ W21X44 =
ng
0| ©), 0o X
5@ 310 S
= r2 e
§
AN AN ﬁ
258, ; g
. L
W T

Baseline unbraced frame

Figure 2.6 Simpler baseline structure for column height variation investigation.

The results from the above analyses are tabulated in Table 3.4 for the 3 story frame,
and Table 3.5 for the two story frame. Fig. 3.4a, Fig. 3.4b, and Fig. 3.4c shows the results
from the 3 story frame with the bottom columns varied, while Fig. 3.4d, Fig. 3.4e, and Fig.
3.4f show results when the top columns are varied. Results for the two story frame are

presented graphically in Fig. 3.5a and Fig. 3.5b. Results are discussed in Chapter 3.
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2.4 Selection of Recommendation.

Recommendations are made based on various methods of determining K factor values

that are available from reviewed literature [Lui 1992, Duan and Chen 1989, LeMessurier

1977, Aristizabal-Ochoa 1994, Cheong-Siat-Moy 1986]. Lui’s method is chosen based on its

accuracy and simplicity of use. This method is also recommended by others [Shanmugam and

Chen 1995, Hajjar and White 1994].

2.4.1 Lui’s Method.

Lui [1992] proposes the following equation to estimate the K factor for an unbraced

frame structure:

_fEE(GEY 1 Ay
K"—\/{ BL; ]HEL](SM’LEHH

where
P = compressive axial force in member /
z-f{- = sum of the axial force to the length ratio of all the members in the story
Y H  =sum of the story lateral forces at and above the story under consideration
A,,  =inter-story deflection i.e. relative displacement between adjacent stories
- _ (3+43m +34.2m2 YEI
L
m =My M,

M,, M= member end moments with M,< M,

T = sum of 1j of all members in the story being considered.
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This method only requires a first order frame analysis to determine the horizontal
deflection at every story level. A straight forward application of the formula then yields the X
factor. Lui’s method was also used to find the X factor for the simpler baseline structure along

with Robot V6 and the alignment chart,
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Chapter 3
Results and Discussion.
3.1  Presentation and Discussion of Results.
Results from both Robot V6 and the alignment chart (transcendental equation) are
examined and discussed in their own context, in relation to each other in terms of differences
and degree of error of the transcendental equation, and any recommendation/recommendations

that can be given.

3.2 Variation in Bay Width.

3.2.1 Nomograph K Factor Values.

K factor values for variation in bay width are shown in Table 3 1,

K factor from Nomograph.

K factor §Column jColumn § Column fColumn | Column |Column | Column [Column § Column
(RV6) 1 2 3 6 7 8 11 12 13
25 1.256 1300 ¢ 1.230 8 1300 % 128001 1.1404 12804 1340 | 1.180 ¢ 1.340
30 1276 J 13008 12400 1.320§ 1.280 ) 1.156 ] 1.330} 1.340 | 1.190 | 1.390
35 1.204 £ 13008 12451 1.350 8 1280 } 1.170 8§ 138008 1340 | 1.200 ] 1.460
40 1,310 1 13001 12508 1370 § 12803 1.180 9 1.430J 1340 ; 1210 ] 1.510
45 1.325 F 13004 12504 14600 12800 1.187 ] 1.480] 1340 1§ 12201 1.570
S0 3 1337 ] 13001 1.950 ) 1.420 1.280 1 1.190 1.520 9 .1.340 | 1.230 1 1.620

Table 3.1a. K factor values for variation in bay width
Fig 3.1a shows the result from the alignment chart for the left hand tier columns. The K
factor value of those columns do not change with the widening of the right bay. Column 1 has
a K factor of 1.30, column 6 a value of 1.28, and column 11 a value of 1.34 throughout the

variation. This is because the alignment chart is a localized phenomena and any changes to the
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unbraced frame members that are not directly joined to the individual column considered will
not have any effect on its X factor value.

The variation of the K factor values for the middle column tier (column 2, 7, and 12) is
shown in Fig.3.1b. Column 2 shows values ranging from 1.23 to 1.25, column 7 shows values
ranging from 1.14 to 1.19, and column 12 values ranging from 1.18 to 1.23. X factors for the
columns in the middle tier .increases in value as the bay width increases. This is expected since
widening the bay reduce the stiffness of the girder and thus increasing the G value of the two
ends of the column which increases the X factor value of the connected column. The increases
in X factor though are relatively minor compared to doubling of the bay width. An increase of
about 4% is experienced by columns 7 and 12 and less than 2% for column 2.

The variation of the K factor value for the right hand column tier (column 3, 8, and 13}
is shown in Fig. 3.1c. Column 3 shows value ranging from 1.30 to 1.42, column 8 values
ranging from 1.28 to 1.52, and column 13 values ranging from 1.34 to 1.62. X factors for the
right column tier increases as the bay width increases. An increase of about 21% is
experienced by column 13, and about 9% for columns 3 and about 19% for column &. The
increase in K values for the right column tier is more compared to the middle column tier since
only one girder frames into the ends of the columns and thus the G factor for the ends of the

columns are more sensitive to the changes in girder stiffness.

3.2.2 System Buckling K Factor Value.
For all of the columns in the unbraced frame structure the K factor values are identical
throughout the variation of the bay width. X factor values for all the column increases from

1.256 to 1.337 (less than 7%) as the right bay width increases. The widening of the bay
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reduces the overall structure stiffness and thus increasing the K factor value for the whole
structure. Since all the columns have the same stiffness parameter and the stories have the
same stiffness parameter, the X factor for all the columns are the same throughout the bay

width variation.

3.2.3 Difference in K Factor values.

For the left hand column tier, K values from the alignment chart does not seem to
show any effect from the change in bay width (Fig. 3.1a). In comparison to the system
buckling X factor values the K values for column 1 is conservative up till a bay width of about
37 ft. Then it gives unconservative values of K values of up to about 3% at bay width of 50ft.
Column 6 gives conservative values up till a bay width of 32ft. Then it gives unconservative
values of about 4% at bay width of 50ft. Column 11 gives conservative values all the way
through the variation with a maximum value of about 7%.

For the middle column tier, X values from the alignment chart does to a certain degree
show the effect of bay width variation. Columns 2, 7, and 12 all give unconservative values
throughout the variation. The most unconservative is column 7 giving unconservative K values
of more than 11%, with column 2 a value of 6.5%, and column 12 a value of 8% (Fig. 3.1b).

For the right column tier, all the columns gives conservative values when compared to
values from system buckling. Column 13 is the most conservative (about 21%), column 3

about 6% and column 8 about 14% (Fig. 3.1¢).
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3.2.4 Application of Lui’s Method.
Since column 7 gave the most conservative K factor values when compared to system
buckling values, Lui’s method was also used to find its K factor values and the results are

compared in Table 3.1b and shown graphically in Fig. 3.1c.

K factor
(RV6)
25 1 1.256 | 1.140 | 1.262
30 | 1276 | 1.156 | 1.282
35 | 1.294 | 1.170 | 1.300
40 | 1310 | 1.180 | 1.316
45 | 1325 | 1.187 | 1.330
50 | 1337 | 1.190 | 1.342

Span Nomo 7 [Lui's-7

Table 3.1b. K factor from Lui’s method compared to RV6 and nomograph for
column 7

From the values and graph obtained it can be seen that Lui’s method does to a much

better extent agree with the values from buckling analysis and in this case as an alternative

method in obtaining X factors.

3.2.5 Limitation of Nomograph Use.

From the results obtained by comparing the K factor values from the nomograph and
system buckling analysis, the most unconservative value obtained is about 11% when the
span is doubled. The nomograph in the case of span variation should be able to give

sufficiently accurate values for practical purposes.
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33 Variation in Moment of Inertia.

Results from both the alignment chart and system buckling analysis are shown in

Table 3.2.

Table 3.2 K Faclor Vaiues for [x variation.

Column 1 1 Colmn 2 1 Colmn 3 ] Golumn 6 [ caumn ¢ | Colmn 8 | Gomn 11 ] Goumn 12 1 coumn 13
ROt A8 15| Va TNOmO (WA [NomO (Rya  [NomO IRVS TNoOMmo Ve [Nemo [F OMO [RVE  (NOMO Nomo |TWE . Puumof
184 1.26] 1.30] 1.26] 1.23} 1.26) 130 1.26] 1.28 1.26] 1.14] 1.26] 1.28] 1.2 1.34] 1.26] 1.18 1.26] 1.34
3415 1.20] 1.30} 1.21 1.23] 164 1400 1.20] 1.28 1.20§ 1.14] 1.64] 1.48 1,200 1.34 1206 1.18 1.64f 1.58]
534l 1.47] 1.30f 118 1231 19 1.584) 117§ 1.28] 1.18] 1.14] 2000 172} 117 1341 1178 118 2000 1.84]
7400 1.15) 1.30f 1.16F 1.23F 231 189 1.450 128 118} 1.14] 2.31F 1.04 115 1.34 1,18 1.18; 2.310 2.0§

933 1,14} 1.30] 1.14] 1.23] 25 1668 1.14F 1.28 114} 1.14] 2.88¢ 212 1.14f 1.34] 1.14] 1.18] 2.56f 2.28
108 1,437 1,301 113 1.23] 2771 1.7 1.43] 1.28 1.43] 1.14] 277 228 113 1.34F 143 119 2.77F 2.45

1240 112] 1301 193 _123] 281 175 t.i2] 128 1.12] 1.14] 281 2a8] 112 134 1.1 ’L1§i 291 257
2.82
2.97]

15300 111} 1.300 1.t1f €238 319 181} 1.11F 1.28 1.11f 1.14] 319 2647 111 134} 1. 114 118 31
17108 1.10) 1.30] 1.1 1.23] 3.39 1.84 1.10f 1.28 1.19] 1.14 3_33 274 1400 1.34f 110 118 3.3
1900t 1.09] 1.30f 110 1.23| 3.50¢ 1.87 1.00} 128 1.10] 1.14] 351 287 1.09 1.34] o9 118 351 311

3.3.1 Nomograph K Factor Values.

From Fig. 3.2a, for the columns in the right hand tier, their K factor values increase
through the variation. Column 3 has K values ranging from 1.30 to 1.87 (about 44%), column
8 values range from 1.28 to 2.87 (about 124%), and column 13 range from 1.34 to 3.11 (about
132%).

Columns in the middle column tier (Fig.3.2b) maintain constant values throughout the
variation. Column 2 has a constant value of 1.23, column 7 a value of 1.14 and column 12 a
value of 1.18. Constant K values were also maintained by columns in the left column tier
(Fig.3.2a). Column 1 maintains a value of 1.30, column 6 a value of 1.28, and colurnmn 11 a
value of 1.34. This is again due to the localized effect of the alignment chart failing to capture

the overall effect of the whole structure.

3.3.2 System Buckling X Factor Value.

From Fig.3.2a, 3.2b,and 3.2¢, it can be seen that as the moment of inertia of the right

column tier increases the K factor values of the columns in the left column tier and middle
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column tier decrease from a K factor value of 1.26 to about 1.10 (about 13%), while the values
of the columns in the right column tier increase from 1.26 to about 3.51 {about 178%). This is
due to the interaction effect between the various member of the unbraced frame. The columns
in the right column tier becomes stronger as their moment of inertia is increased. This will
enable them to brace the weaker columns (left and middle tier) increasing the K factor value of
the stronger column and decreasing the K factor value of the weaker columns. This
phenomena is also observed by Hajjar and White [1994] and Lui [1992]. X factor values of
less then 1.0 will result if the moment of inertia value were further increased. K factor values
of less than 1.0 can now be used to design columns according to the LRFD Specification

[AISC 93],

3.3.3 Differences in X Factor values.

Due to the failure of the alignment chart to capture the full effect of the interaction
between components of an unbraced frame, differences between K factor values from the
alignment chart and system buckling ranges from being overly conservative to being overly
unconservative. For columns in the left column tier, values from the alignment chart are
conservative, with column 11 having the highest value of about 23% conservative. For the
middle column tier, most values obtained are also conservative with column 2 having a
conservative value of about 12%. Columns in the right column tier on the other hand gives

mostly unconservative values of up to about 47% for column 3.
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3.3.4 Application of Lui’s Method.
From the comparison of X factor values from the nomograph and the system buckling
analysis, column 3 was giving the most unconservative values. Lui’s method was also used to
find X factor values for column 3 and the results are compared to system buckling analysis

and the nomograph in Table 3.2b and Fig 3.2d.

1x of 3,8,13 K Factor (RV6)} Ix of 3,8,14 Luis
184 1.260 1,300 11.163
341 1.638 1.400 | 1.460
534 1.995 1.510 ]1.726
740 2.308 1.600 ]1.946
933 2.560 1.660 12116
1110 2.767 1.720__}2.253
1240 2.906 1.750 12.343
1630 3.188 1.810 [2.523
1710 3.347 1.840 [2.623
1900 " 3,504 1.870 }2.720
Table 3.2b

From the results obtained, Lui’s method does compare better to values from buckling
analysis when compared to values from the nomograph. At the end of the variation values
from Lui’s method are unconservative by about 20% as compared to about 45% for values

from the nomograph.

3.3.5 Limitation of Nomograph Use.
In the case of moment of inertia variation, in order to keep values from being
unconservative by more then 10%, the moment of inertia of frame column members should
not vary by more then 1.51. Using variation of up to 5I could lead to unconservative error of

up to 35% and variation of 10I could lead to unconservative error of up to 50%.
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Fig. 3.2bK factor vs Ix for Col. 2,7 and 12
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3.4  Variation in Loading and Loading Configuration.
Result from both alignment chart and system buckling are shown in Table 3.3a and
Table 3.3b.

Table 3.3a. K Fagtor Valucs

Column 1 Column 2 Column 3 Column 6 Column 7 Column 8 Column 11 Column 12 1 Column 13

P value on
3,813

40.00] 1.26] 4.30f 126§ 1.23]1.26 1.30f 1.26 1.28} 1.26) 1.14} 1.26] 1.28]1.26 1.34) 1.28f 1.18} 1.26 1.34
80.008 1.45  1.301 1.44) 1.2311.03 1.30} 1.45 1.28] t.44] 1.14] 1.02] 1.28§ 145 1,34} 1.45F 1.18} 1.02 1.34]
120.00] 1.83[ 1.30f 1.60]  1.23]0.94 1.301 1.62 1,281 1.61 1.14§ 0.84f 1.28] 1.62 1.34t 1,61 1.18{ 0.93 1.34
160.000 1.791 1.30]1 1.75¢ 1.23] 0.89 1.30} 1.78 1.28] 1.75 1.14f 0.89F 1.28]1 1.78 1.34] 1.77) 1.18} 0.89 1.34
200.00 1.9;[ 1.30}1.88] 1.23§0.86 1.30] 1,93 1.28] 1.89] i.14] 0.86] 1.28} 1.92 1,34 1.91 1.18] 0.86 1.34]

RVE | Nomo |RVE | Nomo [RVE ] Nomo |RVE | Nemo {RVB L Nomo JRVE | Nomo [RVE | Nomo § Rv6 | Nomo | RvE | Nomo

—Table 3.3b, K Factor Valugs
Column 1 Colmn.2 Column 3 Column & Column 7 Columpn 8 Golurmon 11 Column 12 | Colump 13
RV6 | Nome jRVS | Nomo [RVE ] Nomo |RV6E | Nemo | RVEB{ Nomo |RVSE § Nomo |RVE | Nomo | RVE | Nomo | RVE { Nomo

P vaiue on
27,12

a000) 1260 130|126} 12al1zel taolizel t2af 1206l 14l 126l 128l126f 134) 126} 18lizel 134
80.00f 1.45 1.20) 1.04] 1231 1.45] 1.30] 1.45] 126l 100 114l 145 128] 146|134 1.08] 118 1.46] 1.34
120.00] 1620 1.30{ 0.5 1230 162] 130 162] 128 0.05] 114 182 128} 1.63] 154 008l 118|163 134
sp0.00) 1770 .30} 0.00] 1.23| 1778 1.30] 177] 128 o.eol 144 1770 128l 1.79] 1.34] 0s0] 1.8} 1.7¢] 134
_20000f 1.200 1.30f0ss| 1231190 1s0l1.01] 1.20f 087l 1.4 101 128]1.03f 134 07} 1.18f1.03] 1.34

3.4.1 Alignment Chart K Factor Values.

Results show values of K factor values remaining constant throughout both loading
variation for all the column tiers(see Fig. 3.3a to 3.3f) indicating no effect from loading
variation. The effect of symmetry also did not effect the K factor values as values from both

configurations of loading give the same values.

3.4.2 System Buckling K Factor Values.
When the right column tier was loaded, K factors for the columns in the right column
tier decrease as the loading is increased (Fig. 3.3c). Columns 3, 8, and 13 shows values ranging

from 1.26 decreasing to 0.86 (about 32%). While the values of the right column tier decrease,
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the values for the middle and left column tiers (Fig.3.3a and Fig. 3.3b) increase by about the
same amount from about 1.26 to 1.9 (about 50%).

When the middle column tier was loaded, X factor values for the columns in the middle
column tier (Fig. 3.3¢) decrease. Columns 2, 7, and 12 shows values ranging from 1.26 to 0.87
(about 32%). While the values of the middle column tier decrease, the values for the right and
left column tier (Fig. 3.3d and 3.3f) increase from about 1.26 to about 1.9 (about 50%).

Decrease of X factor values of the loaded columns can be attributed to the fact that as
the columns are loaded, the columns becomes weaker. Columns where loadings are held
constant becomes relatively stronger as compared to the loaded column. As a result the
weaker columns reach their buckling load earlier and thus “lean” on the stronger columns. This
results in an increase in K factor value of the columns whose loadings were held constant,
Columns that were ioaded drop their K factor value to less than 1.0 which is now allowed to
be used in the design of unbraced frames [AISC 93]. These facts were also observed by Lui

[1992] and Hajjar and White [1994].

3.4.3 Differences in K FFactor Values.

Differences in the values between the alignment chart and the system buckling K
factor values can be attributed to loading not being considered in the deduction of K factor in
the alignment chart. In both cases for the column tiers where the loading was increased, the X
factor values from the alignment chart are conservative as compared to values from system
buckling. For the columns where their loading are held constant, values are unconservative.
When the right column tier was loaded, column 13 gives a conservative value of about 56%.

Other columns in the tier give almost the same value of conservatism. Among the columns
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whose loadings were held constant, column 7 gives the most unconservative value of about
40%. When the middle column tier was loaded, column 2 gives a conservative value of 40%.
Other columns in the tier gives lesser conservative values but still they are more than 20%.

Among the columns held constant, column 8 is unconservative by about 33%.

3.4.4 Application of Lui’s Method.

From the comparison of X factor values from the nomograph and the system buckling
analysis, column 7 with the load applied to the right column tier gave the most
unconservative values. Lui’s method was used to find X factor values for column 7 and the

results are compared to system buckling analysis and the nomograph in Table 3.3¢ and Fig.

3.3g.
P value o
on3.8.13 RV6 | Nomograph | Lui's
40 1.256 1.140 1.282
80 1.442 1.140 1.458
120 1.606 1.140 ] 1.630
160 1.753 1.140 1.785
200 1.886 1.140 1,928
Table 3.3c. K factor from Lui’s method compared to RV6 and nomograph for
column 7

From the results obtained, values from Lui’s method is almost comparable to values
from system buckling analysis. It captures the effect of load variation very well and should be

a good alternative method in finding the X factor.
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3.4.5 Limitation of Nomograph Use.

In order to limit the unconservative error due to load variation to 10%, load on
columns should not vary by more than 1.5P. Varation of up to 3P would lead to
unconservative error of about 20% while variation of up to 5P would lead to unconservative

error of up to 35%.
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Fig. 3.3¢K Factor VS. Load{on 3, 8, 13) for
right column tier (Col. 3, § and 13).
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Fig 3.3dK Factor VS. Load{on 2, 7, 12)
of left column tier (Col. 1, 6 nad 11).
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Fig 3.3e K Factor VS. Load(on 2, 7, 12}
of middle column tier (Col. 2, 7 and 12)
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Fig 3.3 fK Factor VS. Load(on 2, 7, 12)

for right column tier (Col 3, 8, 13).
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3.5  Variation in Column Height.
Results from alignment chart and system buckling analysis are shown in Table 3.4a

and 3.4b.

Table 3.4a. K Factor Values - 1st. floor varied,
§ Column 1] Column 2] Column 3| Column 6] Column 7] Column 8] Column 11] Column 12} Column 13

Height ofl o\ 6 | Nomo| Rv| Nom] Rv6 | Nomo| Rve{ Nomo| R6 | Noma| Rve| Nomo| RvE] Nomal Rve | Nomo| Rve{ Nomo

1st floor
2.506.24] 1.52]6.24 1.3@6.24 7500 1.28 1.49 1.25] 1.2711.28 1.49 1.2 1343 1.25] 1.18]1.29 1.34
18]1.28  1.34

.
5.0083.13] 1.39013.13 128 3.431 1.39{1.26 1.3741.280 1.1901.28 137129 1.3411.25 1
7.5002.00] 1.34]2.0d 125200 1.3a{1.2d 1.331.25f 1.1711.284 1.321.28 1.34}1.25] 1.18[1.259 1 34
100d1.57 1.3101.564 +.241.67] 1.31]1.29 1.3 1.25f 1.15t1.28 1.3)1.29 1.34} 1.25] 1.18]1.24 1.34
125d01.268] 130012 1231260 1.30{1.2d 1.2981.26] 1.1411.28 1.28 1.2 1.34]1.26] 1.1811.2d 1.34
is.0d1.08] t29i1.0d 124108 1.2911.2d 1257 1.290 1.14|1.2d 1.271.2d 1.34]1.20] 1.18]1.29d 1.3
17.51.05| 1.2811.09 1.241.05] 1.28{147 1.2¢ 1.47] 1.13|1.47} 1261474 1.34|1.47] 1.18/1.44 1.3

1 1

1 1

1 1

2006104 1271104 124104 1271668 1.291.66] 1.13[1.66 1.25166 1.34]/1.66] 1.18/1.66 1.34
22.5Q1.03] 1.27]1.09 1.21]1.03] 1.27i1.84 1.2§1.88] 1.13]1.86 1.251.8d 1.34] 1.86]
" 25.001.03] 1.26|1.09 1.2 1.03]_1.26[2.04 1.242.05] 1.13[2.04 1.252.094_ 1.34] 2.05]

.18]1.86 1.34
1812.09 1.34

Table 3.4b. K Factor Values - 3rd. floor varied.
[ Column 1§ Cotumn 2} Column 3 | Column 8] Column 7| Column 8] Column 11} Column 12 Coiumn 13

';f;g:;(??RVG Nomo| RvE| Nomof RVE | Nomo] RVE[ Nomo| RVE  Nomaol RVE| Nomoy RVGENomo RV6 | Nomof RV6} Nomoj

2501.15, 1.3011.18 123115 1.30i1.15 1.4911.1511.271.19 1491576 1.56515.76 1.36|5.76 1.69
501,161 1.3011.188 1.231.16] 1.3011.18 1.3741.1611.19;1.1q 137282 1491289 1.26|2.894 1.44

7.581.16f 1.30{1.14 1.231.16 1.30}1.16 1.3231.16] 1171119 133193 1.3911.83] 1.21]1.93 1.34
10.031.171 1.3081.17 1231471 1300417 1.3 117 1451147 1.3 147 1.34]11.47] 1.1811.47 1.34
12.5(1.26] 1.30(1.24 1.231.26] 1.30[1.2¢ 124 1.26f 1.1411.24 1.281.26 1.34]1.26] 1.18{1.24 1.34
1500144 1.3001.44 1231441 1.30[144 120144 1141144 1.2741.2d 1300120 1.15(1.24 1.3(
17.501.64] 1.30l164 1231641 130[164 126164 1131164 1261174 1.2711.17] 1.14]1.14 1.27
200 1.84] 1.30(1.84 1.241.840 1.30{1.84 t12d1.84] 1.43]1.84 1.291.19 1.2411.158] 1.12]1.19 1.24
22.5(02.04f 1.30{2.04 1.23 2.”041”1.36 2.04 129204 1.1312.04 1259113 1.2201.13] 1.11]1.13 1.23
2500224 1.30[2.24 129224 1.30{224 125224 1131224 128113 12111128 1.44]1.13 1.21

3.5.1 Alignment Chart K Factor Values.

When the height of the bottom story of the frame is increased from an initial height of
2.5 ft. , columns in the bottom and second stories experience minor reduction in K factor
values even though the story height was doubled. For columns in the first story (Fig. 3.4a),
values for columns 1 and 3 decrease from 1.30 to 1.26 (about 3%), and for column 2 from
1.23 to 1.21 (less than 2%). For the columns in the second story (Fig. 3.4b), values for

columns 6 and 8 decrease from 1.28 to 1.25 (about 2%) and from 1.14 to 1.13 (about 1%) for
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column 7. For the top Story (Fig. 3.4c) the value remains the same throughout the variation
with values of 1.34 for columns 1 and 13 and 1.18 for column 12.

When the top story was varied, a slight reduction in X factor values is observed at the
second and top story. Values for columns in the bottom story (Fig. 3.4d) are constant with a
value of 1.30 for columns 1 and 3 and a value of 1.23 for column 2. For the second story (Fig.
3.4e), values for columns 6 and 8 decrease from 1.28 to 1.25 (about 2%) and from 1.14 to
1.13 (about 1%) for column 7. For the top story (Fig. 3.4f), values for columns 11 and 13

decrease from 1.34 to 1.21 (about 10%) and from 1.18 to 1.11 (about 6%) for column 12.

3.5.2 System Buckling Values.

When the bottom story height was increased, the K factor for the columns in the
bottom floor (Fig 3.4a) drops from a value of 1.26 to 1.03 (about 78%). The K factor for the
upper stories (Fig. 3.4b and Fig. 3.4¢) increases from a value of 1.26 up to a value of 2.05
(about 64%). The decrease in X factor values for the bottom story seems to flatten out at a
story height of about 15.5ft. and maintains almost a constant value for the rest of the
variation. The decrease in K factor values for the upper stories maintains almost a constant
value until about a height of about 15.5ft. and then increases in value for the rest of the
variation.

When the top story height was increased, the K factor values for the columns in the
bottom and second stories (Fig. 3.4e and Fig. 3.4f) increase in values from 1.26 to 2.24 (about
78%). For the columns in the top story (Fig. 3.4d), the K factor values decrease in value from

1.26 to 1.12 (about 11%). The decrease in the K factor values for the top story seems to
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flatten out at a story height of about 15ft. and maintains almost a constant value for the rest
of the variation.

The variation in column height also seems to exhibit the “leaning column” effect but it
is more of an inter story phenomena. The columns that were given the increments are
increasing in slenderness and thus getting weaker as compared to columns that are held
constant. The weaker columns will then “lean” onto the columns that are stronger, thus
increasing the K factor value of the stronger columns, i.e., columns in the stories that are held

constant.

3.5.3 Differences in K Factor Values.

When the bottom story height was increased, the values from the alignment chart for
the columns m the bottom story are initially about 4% conservative, then increase in
conservativeness up to 23% at the end of the variation. For the colunms in the second story,
values from the alignment chart are mostly conservative (about 19% for columns 6 and 8 and
about 2% for column 7) at the start of the variation and then decrease in conservativeness
until about the baseline column height. Then the values are increasingly unconservative until
the end of the variation (about 39% for columns 6 and 8 and 45% for column 7). For the
columns in the top story, columns 11 and 13 give conservative values (about 7%) at the start
of the variation and unconservative values (about 35%) at the end of the variation. Column 12
give unconservative values all the way through the variation with a value of about 43% at the
end of the variation. For the columns in the top stories the difference in values are almost
constant until a story height of about 15fi. and then start increasing in unconservativeness

from then until the end of the variation.
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When the top story height is increased, the alignment chart values for the columns 1
and 3 in the bottom story start off as conservative (about 4%). Column 2 starts off as being
unconservative (about 2%). At the end of the variation all the values are unconservative
(about 42%) for columns 1 and 3, and about 45% for column 2. Columns 6 and 8 in the
second story also start with conservative values (about 2%) then change to unconservative
values until the end of the variation (about 44%). For column 7 all values are unconservative
with a value of about 50% at the end of the variation. For columns in the top story, columns
11 and 13 are conservative by less then 10% throughout the variation while values for column

12 are unconservative by less then 10%.

3.5.4  Application of Lui’s Method.
K factor values for column 7 with the bottom columns varied were obtained using
Lui’s method. Nomograph values were about 45% unconservative when compared to system

buckling values. Results are shown in Table 3.4c and Fig. 3.4¢.

I-;esltg;;é c?rf RV8 Nomograph Lui's
12.5 1.256 1.14 1.316
15.0 1.290 1.14 1.317
172.5 1.466 1.13 1.312
20.0 1.660 1.13 1.319
22.5 1.857 1.13 1.320
25.0 2.054 1.13 1.321

Table 3.4c.
From the results obtained, Lui’s method gives better agreement with buckling analysis

results but it still fails to capture the effect of story height variation.
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3.5.5 Limitation of Nomograph Use.
In order to limit unconservative error to about 10%, height variation should not be
more than 151t. or 1.2H. Height variation of up to 2H could lead to unconservative error of up

to 45%.
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3.6 Additional Column Height Problem.

Results from the simpler baseline structure are shown in Table 3.5.

Bottom floor Top floor

Ratio of

bottom to | RV6 | Nomograph Lui's RV6 | Nomograph Lui's

top floor
2.00 1.032 1.265 1.065 §2.0631 1.178 1.328
1.75 1.038 1.269 1.078 1.817 1.183 1.307
1.50 1.049 1.276 1.097 1.573 1.189 1.286
1.25 1.071 1.285 1.124 1.339 1.198 1.264
1.00 1.183 1.298 1.170 1.183 1.211 1.240
0.75 1.534 1.320 1.253 1.151 1.232 1.219
0.50 2.279 i.361 1.449 1.139 1.272 1.191
025 |4.510] 1.469 2.065 |1.127] 1376 1.162

Table 3.5. K factor for simpler bascline structure with variation in column
height

K factor values from the nomograph shows an increase of about 16% for the bottom
floor columns, and about 17% for the top floor columns (Fig. 3.5a and 3.5b). Values from
system buckling analysis shows an increase of about 300% for the first floor columns, and a
decrease of about 45% forlthe top floor columns. When the nomograph X factor values for the
columns in the bottom floor are compared to values from buckling analysis, they are
conservative by about 20% at the beginning of the variation till about a height ratio of about
1.0. Then they are conservative up to about 67% at the end of the variation. Almost the
reverse is true for the columns in the top floor. They start off as being unconservative by
about 43% till a height ratio of about 1.0 and then conservative by about 22% at the end of
the variation. Again for the simpler baseline structure the inter story “leaning effect” can be
seen. At the start of the variation, columns in the top story are shorter and thus stronger

when compared to columns in the bottom story resulting in higher X factor values for the
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columns in the top story. As the ratio is reduced the columns in the top story weaken and
columns in the bottom story strengthen, resulting in decrease in K values for the columns in
the top story and increase in values for columns in the bottom story. Values for the top story
are less than values for the bottom story when the ratio of the stories is less than 1.0 since it
is then weaker as compared to columns in the bottom story and it now “leans” onto the
columns in the bottom story. From the results of the two story unbraced frame, the
nomograph should only be used when the column considered is longer than columns that are
on top or at the bottom of it.

K factor values obtained using Lui’s method as a whole gives better agreement with
system buckling values when compared to values from the nomograph. For the columns in the
bottom story, results are comparable to system buckling results when the ratio of the bottom
to the top floor is greater then 1.0 (Fig. 3.5a). The reverse is true for the columns in the top
story where the X factor value from Lui’s method are comparable when the height ratio is less
then 1.0 (Fig. 3.5b). Lui’s method fails to capture the effect of the variation in the column
height to it full extent. This may be due to the fact that Lui’s method can only predict with
sufficient accuracy the K factor values for columns in unbraced frames with unequal

distribution of lateral stiffness and gravity loads and for frames with leaner columns

[Shanmugam and Chen 1995].
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Chapter 4
Conclusions

This study was carried out with the aim of observing the performance of the
nomograph when the assumptions underlying the development of the nomograph are
violated. From the results of the study on the unbraced frame structure used in this study, the

following observances and recommendations can be made.

4.1.1 Bay Width Variation.

From the comparison made between the X factors obtained by using the nomograph
and system buckling analysis the most unconservative error of the nomograph value is about
11% even though the bay width was doubled. Therefore, the nomograph in the case of bay
width variation should be able to give adequately accurate values for practical purposes or at

least for preliminary design purposes. Use of Lui's method does give more accurate X factor

values.

4.1.2  Moment of Inertia Variation.

From the comparison made between the X factors obtained by using the nomograph
and system buckling analysis the most unconservative error of the nomograph values is about
45% through out the variation. This degree of unconservative error should not be acceptable
in practical use. This is due to the fact that the nomograph fails to capture the full interaction,
such as the "leaning" effect, of the components of the unbraced frame structure. In order to
keep values from being unconservative by more than 10%, the moment of inertia of the
framed column members should not vary by more than 1.51. The use of Lui's method in this
case gives more accurate K factor values. System buckling analysis should be used for

extreme variations of moments of inertia.
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4.1.3 Loading Variation

From the comparison made between the K factors obtained by using the nomograph
and systemn buckling analysis the most unconservative error of the nomograph value is about
40% through out the variation. The nomograph also shows no effect of symmetry of loading
as the X factor obtained from loading the middle and the left column tier are the same. Values
from buckling analysis shows columns that were given loading increments decreased their X
factor value while columns whose loadings were held constant increased their K factor
values. This is again the "leaning column" phenomena which is not captured by the
nomograph. In order to limit the unconservative error due to load variation to 10%, load on
columns should not vary by more than 1.5P. Lui's method is a very good alternative in
obtaining the K factor as results shows that it is almost comparable to values from system

buckling analysis. System buckling analysis should be used for extreme variations of loading.

4.1,4 Variation in Column Height

From the comparison made between the X factors obtained by using the nomograph
and system buckling analysis the most unconservative error of the nomograph values is about
45%. Limiting the variation to about 1.2H should give unconservative values of less than
10%. This is again due to the failure of the nomograph in capturing the interaction between
the components of the unbraced frame member. The results from system buckling analysis
show that there is also a “leaning column” effect in varying the column heights. But this
effect is more of an inter story effect. Columns which are shorter become the stronger
columns and the longer columns which are weaker “lean” on to the shorter columns causing
the shorter columns to increase their X factor values. Results from the two story unbraced
frame show that the nomograph should only be used when the column under consideration is
fonger than columns on top or at the bottom of it.

Lui’s method does to some extent give better K factor values. But it also fails to
capture the full effect of column height variation. This is may be due to the fact that Lui’s

method can only predict with sufficient accuracy the X factor values for columns in unbraced
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frames with unequal distribution of lateral stiffness and gravity loads and for frames with

leaner columns.

42 Conclusions

The nomograph for unbraced frames produces inaccurate K factor values in cases
where the underlying assumptions are violated. Unconservative errors of up to almost 50%
were found. The nomograph should be used with the knowledge that it is an approximate
method and that there are limits to its use. Knowing the limits would be helpful to
practitioners using the nomograph.

In situations where the nomograph is impractical to use, there are other approximate
methods, such as Lui’s method, which produces X factors which are almost comparable to K
factors obtained by buckling analysis. Again these methods are approximate and using them
should be with the knowledge of their assumptions and limitations.

System buckling analysis is the most accurate method of obtaining K factors. The
nomograph should be used only in preliminary design stages and finalized using system
buckling analysis. The nomograph was developed to facilitate the determination of K factors
as the use of system buckling analysis can be complicated and time consuming. But with the
advent of computers and structural analysis software, such as Robot V6, capable of solving

the most complicated of analyses, use of system buckling is essential in ensuring a safe and

economic design.
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