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Abstract

Experimental research has been conduced on an interbraced-column system to investigate that the
load carrying capacity of a series of straight columns would be increased effectively by bracing them with
very light braces. It is difficult to predict reliably the strength of any column by theoreical methods, where
the strength of an actual steel column is impaired by the presence of residual stresses and initial
imperfections (crookedness). In addition, however, a very limited theoretical study without experimental
investigation has been carried out.

Therefore, experimental work is needed to provide satisfactory evidence of the predicted buckling
loads of an interbraced-column system and the corresponding brace forces. The results of the study
indicate that very large gains in the column carrying capacity can be achieved by using a light bracing
system of small strength and rigidity. Also, these results agreed to a large extent with the theoretical
studies.
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ABSTRACT

Experimental research has been conducted on an inter-braced-
-column system.to~investigate‘-that the load carrying capacity
of a series of straight columns would be increased effective-
ly by bracing them with very light braces. It is difficult
to predict reliably the strength of any column by theoreti-
cal methods, where the strength of an actual steel column is
impaired by the presence of residual stresses and initial
imperfections (crookedness). In addition, however, very |
limited theoretical study without experimental investigation
has been carried out. Therefore, the experimental work is
needed to provide satisfactory evidence of the predicted buck-
ling loads of an interbraced-column system and the corres-
ponding brace forces.

The results of the study indicate that very large gains
in the column carrying capacity can be achieved by using a
light bracing system of small strength and rigidity. Also
these results agreed to large extent with the theoretical

studies.




chapter 1
INTRODUCT 10N

1.1 . General Introduction

Bracing in any structure plays an important factor in
increasing its stability and iigidity. There are mainly two
kinds of structural bracing : (1) That are provided to
resist secondary loads (i.e. wind loads or dynamic loads).

A typical example is the cross-bracing of the end bays or
the roof bracing in a steel framed structure. (2) That are
provided to increase the carrying capacity of the structural
members by preventing them from buckling in theif weak axis.
In addition, braces are often used to support cladding or
roof sheetings in a steel framed building.

The present investigation deals with the second type
of bracing (bracing against buckling) in the form of an
investigation of a series of three parallel columns (inter-
braced-column system) braced together to increase their

carrying capacity.

1.2 Literature Review

The study of both the buckling behaviour of a single or

a group of interbraced-column under an axial load, and the




forces in the bracing system, was and is still one of the
most interesting problems in the field of structural stabi-
lity. In the professional practice of structural engineering
the designer will always face the situation where it is
neceSsary to determine the characteristics required of
any lateral bracing system in order to increase the lateral
stiffness and hence the carrying capacity of the associated
column system, or, to decide whether a given bracing systen
is adequate to provide the required lateral support.

William Zuk (1956)! was one of the first to study the
buckling behaviour of a single braced-column. He derived
quantitatively and experimentally the amount of bracing
forces. required for eight representative cases of beams and
columns. Two of these eight cases are within the scope of
this thesis research work. The first one of these two
cases, that of a single column with a concentric axial load
and an'immovable point support' at mid-height. The second
is the case of a column with a concentric axial load but,
with an 'elastic lateral support' at mid-height. Zuk proved
that the maximum brace force which would force the column to
buckle in two half-wave failure in the case of the immovable
support is very small (approximately 0.6% of the buckling
load) and it is a direct function of the initial imperfection.

Refer to Appendix A for notations and Zuk's theoretical




solution for this case.

For the case of the elastic support at mid-height, Zuk
presented the solution of (Winter, Green and Cuykendall -
1947)2 for such a case. The solution gives two formulas for
the brace forces -one when the column buckles in one half-
wave failure, the other when the column is forced to buckle
in two half-wave failure as in the case of the 'immovable
support'. See Appendix B for these two solutions.

The next table (Table 1) presents the output of the
experimental work done by Zuk for the previous two cases
(The immovable support case and the elastic support case)
for a W10 x 33 rolled steel column, 20 ft. long with an
initial crookedness of 1/1000 of the column length.

TABLE 1 : Experimental bracing force values 'F' for
single column braced at mid-height (By Zuk)®!

Case Fas 4 P Conditions of Axial Load P
1 0.53 P based on buckling valve
2 2.00 P taken as 0.8 P

cr

Therefore Zuk could conclude (with the support of experi-
mental work) that the assumption of the bracing force for
the single axially compressed column to be taken as 2% of

the applied load, seems to be a reasonable and useful rule.




But he advised more numerical and full scale tests to
support this 2% rule.

George Winter (1958)° studied the buckling behaviour of
a single braced-column in more detail. His work contained
both experimental arnd simplified analysis of an initially
imperfect (crooked) column with one or more intermediate
supports. He based his mathematical analysis on an elasti-
cally supported column, and this column is assumed to be ini-
tially imperfect and braced at equal intervals by equally
rigid braces.

He proved that very large increases in column carrying
capacity can be achieved by very light and inexpensive
bracing. Also he proved that for bracing against buckling
to be effective, it must possess not only the requisite
strength, but also a definite minimum rigidity. In additionm,
his experimental work clarified an important point, that the
greater the rigidity the larger the gain in the column
carrying capacity and the greater the rigidity of the bracing
the smaller the strength required of it to produce a given
column capacity.

Finally, he gave simplified methods which help to
determine the lower limits of strength and rigidity required
to produce full bracing in a single braced-column. These

brace forces are effected directly by initial imperfectionms.




See Appendix C for Winter's mathematical analysis and his
simplified methods.

Additional work, both é€éxperimental and theoretical,
that has been performed since that of Zuk and Winter on
single braced-column system, all seems to support Zuk's
and Winters' studies. Therefore a design code could be
established safely. In which, now most design codes have
adopted a value of 2 to 2% % of the axial load on a single
braced-column as a design transverse shear in the bracing.

The problem of multiple interbraced columns (series of
straight columns braced together) and acted on by axial
loads, has been investigated recently. Unfortunately, very
few theoretical studies for such a system are available and
no experimental investigation has been made before the
present investigation.

Medland and Segedin (1977, 1979)*5 outlined a set of
four theoretical and nondimensional equations from which the
maximum load in any brace within the type of structure shown
in Figure 1 can be evaluated. These four equations present
brace loads as percentages of the axial load in the supported
columns. Also, typical results were plotted nondimensionally
by using the previous four design equations and these serve
as design charts. The charts (Appendix D) summarise the
results of computations made on structures comprising up to

six compression members in parallel (inter-braced) by up to
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twelve lines of braces. Both 'uniform' and 'parabolic' axial
force distributions within the column length are considered.
Therefore, by using these charts, any brace loads can be
extracted for a given column system and given axial column
loads. The columns are assumed to be identical, simply
supported and to have the same ofientation and the same ini--
tial imperfections. In addition all braces are assumed to
have a linear elastic stiffness and are attached to the
structure unstrained before the axial load is applied. The
design basis and its limitations were given to guide the use
of either the design equations or the design charts. These
guidelines should be followed thoroughly by the designer be-~
fore starting the design.

Williams (1980)°® carried out another theoretical study
on the interbraced-column system. He studied two problems.
The first was to find the lowest elastic critical loads of
columns which are braced by elastic braces. The second was
to find how a brace which supports the out of plane displace-
ments of a set of parallel co-planar columns (interbraced-
columns) can be replaced by equivalent springs.

In both problems the ends of members-columns or braces-
can be elastically supported, simply supported or clamped.

He illustrated three methods for finding the lowest elastic

buckling loads of columns and the equivalent spring




constants for the braces. The first method is exact and
computer facilities are needed for its solution. The second
method is an approximate hand method. The third method is a
graphical method and he established this method from the

exact method. This graphical method presents four buckling

curves for columns and three curves cover uniform braces.
For the column buckling curves, all columns should be conti-
nuous and supported by an elastic supports of the same spring
constant and they must be evenly distributed. Also, the
analysis requires that all the columns in the interbraced-
column structure have identical or suitably interrelated
loading as must the braces.

The simplicity of William's analysis for the inter-
braced system is illustrated by the fact that the analysis
involves only analysing one brace and column out of the

whole structure.

1.3 Scope and Objectives

Buckling behaviour of a single braced-column under an
axial load is well known. A considerable amount of
literature exists dealing with the buckling loads and the
brace forces of the bracing system!s.

In recent years attempts have been made to study the

behaviour of multiple interbraced-columns under axial loads,
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where it is believed that the carrying capacity of these
columns can be increased by bracing them together. Only
limited theoretical study (without experimental investiga-
tion) of such a system has been done%®®. 1In addition, all
these available theoretical analyses deal with ideal cases
(i.e. ignoring the effect of residual stresses or assuming
ideal columns-without initial imperfection or with assumed
initial deformed shape). The analyses are either exact
and require a computer or approximate methods which need
lengthy hand calculation with many limitations and restric-
tions. Thus a need for experimental research in this area
is clearly indicated to provide and develop useful design
data. to predict the buckling loads and the brace forces
for interbraced-column structures and to provide some
comparison with the existing theories.

The primary objective of this research work is

to carry out experimental study to obtain information on

the following :

1) Prediction of the buckling behaviour and loads of

multiple interbraced-columns.

2) Determination of the effects of brace stiffness and spacing

on the buckling loads.
3) Criteria of limiting values of brace stiffness and

spacing so that the buckling of columns in the plane of
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bracing is prevented.

A series of buckling tests were planned to be performed
on a three-column structure braced either by one brace line
at mid-height of the columns or by two lines of braces, each

at one third of the columns' length . The brace stiffnesses

were planned to be varied from one experiment to another to
determine their effects on” buckling loads and to measure
the magnitude of the brace forces.

A rigid test frame has been used to support the loading
jacks and test specimens. All columns were planned to be
pin-ended. Strain gages were used to measure stresses in
braces and columns. Dial gages were used during experiments

to monitor the direction of the lateral displacement of

the columns.
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chapter. 2

EXPERIMENTAL PROGRAM

2.1 Introduction

The experimental program consisted primarily of design-
ing and fabricating a suitable test frame, preparing all
column test specimens and bracings, instrumenting and setting
up tests, testing and recording data from each test.

A system of three braced-column structure as shown in
Figures 2 and 3 was chosen for testing, representing two
cases of bracing system used in this investigation. In first
case, the columns were braced only at the mid-length
(Figure 2) and in the second case, thg columns were braced
at each one-third length (Figure 3). The axial load in each
column was applied by a hydraulic jack pressing against the
test frame. Electrical strain gages were used to measure
strains in columns and braces.

Initially for column loading, an attempt was made to
use a gasoline powered hydraulic jacking machine available
in the laboratory. The machine had the capability of using
several jacks at tﬁe same time. However, due to difficulty
in controlling the load levels and maintaining equal load

in each column, this arrangement of applying load was found
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- PLAN - ARRANGEMENT OF A SINGLE-INTERBRACED SYSTEM ,

Figure 2
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unsatisfactory and was thus abandoned. A similar machine
with an electrical motor was used next. Though some improve-
ment was observed, the problem of controlling loads at high
levels remained. Several tests resulted in abrupt failures
showing that the loading system cannot be relied upon for
satisfactory buckling tests. It was decided finally to go
along with three independent manual hydraulic jacks, one for
each column, which can be controlled easily and accurately
at any level of loading. The loading in éach column was
verified by the strain readings. The initial column imper-
fection was measured for each column before they were ins-

trumented and used as test specimens.

2.2 Test Setup

2.2.1 Frame Design and Fabrication

A rectangular rigid steel test frame was designed

using IPN450 steel sections to support three jacking loads
of 30 ton (67 kip) each. The frame was fabricated at the
University machine shop. The details of the frame are shown
in Figures 4 and 5. The inside clear space within the frame
was about 3 m x 1.8 m. The frame dimensions were chosen
taking into consideration the limitation of space within the
laboratory. All frame connections were bolted, so that the

frame can easily be dismantled and transferred elsewhere for

Teuse.
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A thick timber plank was used in between the column
ends and the jacks as shown in Figure 4 to provide a lateral

support to the movable end of the structure.
2.2.2 Materials

2.2.2.1 Experimental columns : IPN80 steel I-section

was selected as experimental columns properties of which are
shown in Table 2. Each column was of 103 in. long. This sec-
tion was chosen on the basis of the following considerations:

a) It was readily available in the local market.

b) Section has a ratio ;5 = 3.52 which ensured that

the buckling of the czlumn would always occur in
the weak axis (braced plane).

c) The capacity of the column was before the capacity
of the available loading jacks also the self weight
of the column, being low, was not be a hin@erance
to easy handling.

Each plate of 3/8" thickness with four 5/8"¢ holes for

%'"¢ x 3" long bolts was welded at each column end. Columns

were provided with pinned ends. Figure 5 shows details of

the pin-connections and base plates.

2.2.2.2 Experimental braces : A number of ASTM A-36

steel plates or flat strips of different widths and thickness
were used as braces. These plates and strips were shaped

carefully to meet the required experimental stiffness




TABLE 2 . EXPERIMENTAL COLUMN

COLUMN SECTION PROPERTIES:

DIMENSIONS
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tw
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3. 180’

1. 654"

101538"]0.2323'1

42mm

3.9mm

AREA

D 1.1734 ind
WEIGHT . 3.992 Ib/#1.

X = X(in)

Y = Y(a)

Sx

(4 3

L260

0.181

0.183 | 0.358

IPN 80
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variations. Thickness was.kept as delivered, while widths
were cut and fabricated to suit the requirements. 1/8" thk.
and 3/16" thk. flat braces were used. Figure 6 shows sample .

of braces used in the experiments.

2.2.2.3 Strain gages and lead-wire material : Electrical

strain gage of type EL-FAE strain gages of 120 Q and 2.04
*+ 1% gage factor were used with a 1 mmé nickel-clad silver
wires coated with nylon as a lead-wire material.

2.2.3 Preparation of Test Specimens

2.2.3.1 Preparation of columns : All column specimens

were cut from a six meter standard lengths. It was ensured
that all test specimens appeared straight before preparation.
Each end of a column was welded with a base plate. The weld-
ing was done carefully and accurately, ensuring that the
pPlate was at right angle to the longitudinal axis of the
column. Also, to avoid any weld failure due to poor welding,
all areas exposed to welding were cleaned before welding.

After a column was fitted with end plates, single strain
gages, minimum four, were mounted on each column web, ‘to cancel
the effect of bending if any, as shown in Figure 7.

The standard procedures were followed for cleaning the
surface on which thé gage is to be mounted on, cementing,

lead-wire installation and testing of strain gages.




T

Figure

Sample of braces used in the experiments
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2.2.3.2 Preparation of braces : Braces were machined

from different available steel plates to the desired widths
and lengths. Their widths were varied from a maximum of

3.4 cm to a minimum of 0.7 cm. They were of two major
thickness : 1/8" and 3/16". The 1/8" thickness was used for
the short braces (11.6" long) while the 3/16" thickness was
used for the long braces (23.5" long).

The machining was done by a sophisticated mechanical
saw to ensure flat bars with constant widths. These widths
are needed to be accurate to the nearest mm. During the
process of machining, braces were handled carefully to keep
the surface flat. Two single strain gages were fixed longi-
tudinally on the middle center of'each brace as shown in Figure 8.

Furthermore, this arrangement cancels the effect of bending,if any.

2.2.3.3 Measurements of the initial column imperfection:

A movable dial gage fixed to a steel table having a thick and
smooth steel cover plate as shown in Figures 9 and 10 was
used for the measurement of the initial column imperfections.
This table can be accurately leveled horizontally. The
measurement was taken before fixing any strain gage to
prevent its damage during handling. The column web was
Cleaned before taking measurement with a brush and a clean

cloth.

The following steps were followed :
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Arrangement used to measure column's initial
imperfection
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1)

2)
3)

4)

5)
6)

7)

2.2.4
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The column was laid down on the table as shown in
Figure 10.

Readings were taken for 10 cm (approx.) intervals.
Soft marking chalk was used for marking these
intervals on the center of the web.

Dial gage was adjusted to zero at the first interval
at one end of the column. Then the dial gage was
moved to the next points along the center of the
web and the readings were recorded at each point;
taking care of the drection of deflection, up(+)

or down (-).

Step 4 was repeated, starting from the other end.
The average of phe two readings at each station was
taken as the imperfection value of that point;
The measured readings were plotted (as shown in
Chapter 3 - test results and discussion) to give a
clear presentation of the initial shape of each

column and its crookedness (out of straightness).

Instrumentation

2.2.4.1 Instruments used for measuring strain values :

Two BLH model 1200B portable dial strain indicator and two

Model 1225 switching and balancing units (Figure 11) have

been used for measuring the strain values in the three

braced-column structure. Each (switching and balancing) unit




One set of portable dial strain indicator and

(switching and balancing unit), used for

measuring strain values.

Note : A total of two sets were used for each
experiment

28
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allows a group of ten half bridge outputs to be monitored

on one strain indicator.

2.2.4.2 (Controlling temperature effect (Three-wire

hHalf-bridge) : To cancel the effect of temperature on the
gages, a half-bridge circuit was used. The measuring or
'active' gages were mounted on the test specimens and the
compensating or 'dummy' gages were mounted on unstressed
pieces of the same material.

2.2.4.3 Hydraulic hand jacks and cylinders : Three

simple hydraulic hand jacks were used as the loading system.
Each jack consists of a pumping section and a cylinder
section as shown in Figure 12. Each section is encased in a
Separate unit and connected with a hydraulic hose and a
valve to control and regulate the flow of oil.

Cylinders were of low height type; heavy duty and single
acting lifting. They are designed for short stroke and
load return operations. Each cylinder had a capacity of 30

ton (67 kip), 62 mm (2.7/16") stroke and 118 mm (4 ¥8")
collapsed height.

2.2.5 Testing

2.2.5.1 Test preparation : The following were checked

before loading :
1) Three columns for each set of experiments were

chosen such that each of them had similar shape of



Figure 12 : The loading system; three hydraulic hand jacks
and their rams




2)

3)

4)

5)

6)

7)

8)

1

initial imperfection.

Wheneverpossible, the columns were arranged with
the initial curvature being on the brace side so
that the braces would be subjected to compression,
rather than tension.

The hinges at column ends were well greased to ensure
pin end connection.

All columns were leveled horizontally by using a
long bubble level to ensure that they were at the
same height from the floor level.

The ram heads of the hydraulic jacks were centered
axially on the column axis to ensure pure axial
loading and no bending.

Braces were leveled horizontally and then tack
welded to the adjacent column web at their desired
locations. During welding, care was taken to pPrevent
the damage of web and braces' strain gages due to
heat.

Each strain gage of the system was connected with

a dummy gage for temperature compensation then,

both of them were hooked at the strain indicator

in a half bridge connection.

Now, all the gages were tested on the strain

indicator. The gages whic¢h were not functioning
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properly were replaced.

9) Finally initial strain gage readings were set to

zero.

2.2.5.2 Test procedure : The test procedure can be

summarized as follows :

1) Loads were applied stepwise till buckling took

place.

2) Strain readings for columns and braces were recorded
at each loading step.

3) The load increment corresponded to an average
increase of 50 micro-strain which represented an
increment of load of 1.7 kips. This load increment
was reduced to around 20 micro-strain for the last
100 micro-strain for the expected buckling load.

4) At each step, loading in columns were maintained
at the same level by checking the strain reading in
each column and adjusting the load.

5) The experiment was terminated when one column
appeared to buckle. This was observed when the
column failed to carry any significant load and the
lateral deflection was pronounced. Hence, the

corresponding strain values were recorded as the

buckling readings.
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chapter E’;

TEST RESULTS AND DISCUSSION

3.1 Introduction

The present investigation involves a total of eight
experiments. The first experiment is a pilot test for a
single unbraced column. The next four experiments are for
single interbraced system, while the last three experiments
are for double interbraced system. For each type of bracing
system the brace stiffness were varied from a high value
to smaller values.

Results are presented in tabular and graphical forms.
The results of the first experiment (Pilot experiment)
consist of a data table for strain readings and the corres-
ponding calculated column axial loads.

The results of each set of experiments for the two

braced type (single and double) consist of the following

sets of outputs :

(1) Table for brace properties and system layout.

(2) Graph presenting the average experimental axial column
load vs. the brace forces at each step of loading.

(3) Graph presenting the average experimental axial column

load vs. brace forces as percentages of, this axial load.
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(4) Another graph presenting the axial column load vs.
brace forces as percentages of the theoretical column
buckling load.

These last two graphs (percentage graphs) are plotted
from computer outputs presented in Appendix F.

Each experiment would be explained, analysed and dis-
cussed directly with its set of results. For the purpose of
comparison with experimental column loads, the ultimate and
allowable loads were calculated by using the allowable com-
pPression stress formula given in the AISC Specification®.

(These calculations are presented in Appendix E).

3.2 Basis for Designing the Experimental Braces

The experimental braces (the long and the short braces)
for each experiment were designed to have the sameelastic stiffness

(K = %%) in accordance with the following formula :

-%‘-21. " (3.1)

3l

where

Ly = 1length of the short brace

L
»
L]

length of the long brace

cross-sectional area for the short brace

=z
]

A2 = cross-sectional area for the long brace
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These stiffnesses were varied for one experiment to the ;
|

another.

3.3 Basis for Calculating the Experimental Column and
Brace Forces

(1) Forces in columns and braces were evaluated by measuring
strain gage values and then applying Hooke's law for uniaxial

loading within the linear-elastic ranges as

P = ¢EA (3.2)
where

P = force

€ = strain

E = modulus of elasticity

A = cross-sectional area

(2) Strains to be used in the above formula are obtained by
averaging the different values of readings given by the
number of gages located in different-positiOns on specimen
(usually four gages on each experimental column or two gages
on each brace, refer to Figures 7 and 8 for typical locations
of these gages). Consequently, the calculated forces by

Eqn. (3.2), are representing average values of forces.

(3) The axial force of the three column system is taken as
the mean average value of the total averages of the three

columns.
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(4) Tensile tests showed that modulus of elasticity E for
both columns and braces can be taken as 29 x 10% psi (See

Appendix G).

3.4 Results, Analysis and Discussion of Tests

3.4.1 Experiment No.(1l) - Pilot Test : Bucling of a Single
Unbraced Column

3.4.1.1 Objective : The main objective of this pilot
test was to check the systenm, loading frame and performance
of end connections.

3.4.1.2 Behaviour : The column buckled in a perfect
half-sign wave failure as expected (See Figures 13 and 14).

3.4.1.3 Analysis and discussion : The buckling occured

at a load level of 90% of the theoretical buckling load for
a single unbraced column (Table 3). The 10% discripancy is
expected due to the initial column imperfections, eccentri-
cities and end connections. Any how, this result gave an
encouraging evidence about the accuracy of the system.
Besides, it also showed that the designed end connections

behaved almost as an ideal hinge.

3.4.2 Experiment No. (2)

3.4.2.1 Behaviour :

(1) Column System : Unfortunately due to some problems

in controlling the jacking machines, the buckling occured

suddenly thus preventing from recording the readings



Figure 13

Column before

buckling
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Figure 14 : Column at buckling; half-
sign wave failure
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TABLE 3 : Column strains and axial loads

Loading Gage Gage Average Average Axial Remarks
Steps 1 2 Strain Load
pin/in u in/in y in/in 1b
R
1 5 5 5 170 »
2 21 19 20 681

3 30 26 28 953 Ol

4 40 37 39 1327
5 51 49 50 1701 \&

' Strail ! 1
6 64 63 64 2178 train gage layout
Gage number and
location
7 75 75 75 2552
8 99 98 99 3369
9 99 100 100 : 3403 Buckling

P__ (experimental)

2 = 90%
P:r (theoretical)

* . -
Per .(theoretical) 3.78 kip (Appendix E)
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just prior to buckling. Otherwise the columns behaved

normal. Column C1 buckled first, then the other two

columns buckled later. 7
(2) Bracing System (For brace properties, See Appendix }
H - Table 4) : Referring to Figure 15, the behaviour of
the bracing system can be summarized as follows :
(i) The three braces were in tension for the first few
loading steps.
(ii) When the applied load exceeded the buckling load
for the theoretical buckling without a brace (3.78
kip; Appendix E), braces Bl and B2 started gradually
to pick-up compression loads, while brace B3 started
to loose its tension-load.
(iii)When the 1last reading was recorded, brace Bl was
the most loaded brace. At that point, brace B3 lost

its tension force and started to pick-up compression

loads.

3.4.2.2 Analysis and discussion : The high tension in

brace B3 (Fig.1l5) gave the impression that column C1 had the
tendency to pull away from the system. At the same time, the
other two columns C2 and C3 seemed to be acting as one system
and trying to force column Cl to go to brace side (compression).
As a result brace B3 forced to reduce its tension force and go
gradually to compression which made brace Bl to become the most

loaded brace due to the action of load superposition. The
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maximum brace force was about 1.03% of the maximum experimental
axial load (Figures_ig and 17). Also the maximum axial load
recorded {8.23 kip) was almost equal to the allowable load for

a single column braced at its mid-height (7.9 kip; Appendix E),

which emphasizes the gain in the carrying capacity which can
be achieved by introducing small braces.
The attainment of buckling load close to the theoretical

value indicated that braces had adequate strength and stiffness.

35.4.3 Experiment No. (3)

3.4.3.1 Behaviour :

(1) Column System : Column C1 buckled first in a two half
wave failure - as expected - at a high level of loading.
Then the other two columns started to fail as shown in
Figures 18 and 19.

(2) Bracing System (For brace properties, See Appendix H -

Table 5) : Referring to Figure Zd the main behaviour of

the bracing system can be summarized as

(i) Braces Bl and B3 were in tension.

(ii) Brace B2 was in tension for the first few load incre-
ments. Then it started to fluctuate between tension
and compression till buckling of the columns took place.

(iii)The brace forces (in three of them) were low

tension till the system passed the buckling load

without a brace.
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Legend

L = Overall length of columm = 106.7", ﬁ = 0.107

A; = Maximum initial imperfection in Columm C; = 0.016", ALL = 0.00015
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Figure 19 : Buckling shape of the columns
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(iv) When the applied load crossed the theoretical

buckling load with no brace (3.78 kip; Appendix
E), tension in braces Bl and B3 increased gradually
with almost the same rate.
However, the forces in brace B2 were fluctuating
between compression and tension-with a relatively
small amount of brace forces.

(v) A rapid increase in the brace forces-in all three

braces-was clearly noted at buckling.

3.4.3.2 Analysis and discussion : The low fluctuating

force in brace B2 and at the same time the high tension
forces in both braces Bl and B3 (Figure 20) gave the impre-
ssion that both columns Cl and C3 (Figure 20 ) were trying to
pull away from the system in a right hand side direction while
column CZ stayed almost nutral at its position. This behaviour
of column C2 gives a good example of the expected behaviour of
ideal columns having negligible amount of initial imperfec-
tions. These columns usually seem to produce the minimum
bracing forces for the achievement of full bracing condition
(as column C2 nearly did). Refer to Figure 18 for initial
column imperfection layout.

The system in éeneral gave good results. The buckling
occurred at a level of load equal to 78% of the theoretical

buckling load for a single column braced at its mid-height
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(15.13 kip; Appendix E). Hence it could carry a load
(11.83 kip) equal to about three times of that one single
unbraced column can carry alone theoretically (3.78 kip;
Appendix E).

The brace forces were also relatively low (Figure 20),
the maximum brace force at buckling being of the order of
0.56% of the experimental buckling load (on brace B3, Figures 21
and 22).Also at the allowable design load (7.9 kip, Appendix
E) the maximum brace force was at 0.22% of that load (Figure
21).

One of the interesting results of this experiment is
the effect of the initial imperfections at the column ends.
Evein though the three columns were laid down in a manner
that would yield compression in braces, all braces--
specially braces Bl and B3 - were in tension. This gives an
evidence about how the end imperfections can influence the
overall behaviour of the bracing system. Nevertheless, the
relatively low forces in the braces indicated that the
effect of these small end imperfections may not be critical.
For such a large scale test experiments it is not easy to
control small imperfections. The cause of such an imperfec-
tion might be mainly due to the inaccurate orientation or
fixing of the end plates. Also any small eccentricity or

deviation between the axis of the column and the jack rams
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can cause such a behaviour. Anyhow such an experiment
reflects a practical case which is expected to occur in
actual construction. The results indicated that it is not
a critical case as long as the initial imperfections are
reasonably small.

The rigidity and strength of the braces were adequate
to produce full bracing (columns buckled in a two half-wave

failure) which encouraged to go for small brace stiffness.

3.4.%3 Experiment No. (4)

3.4.4.1 Behaviour :
(1) Column System : The column system performed better
than the other two previous.experiments where the.

' three columns almost buckled together at a higher level
of loading. The buckling occured in perfect two half-
waves as shown in Figures 23 and 24.

(2) Bracing System gFor brace properties, See Appendix H-

Table 6):Referfing to Figure 25, the behaviour of the

bracing system can be summarized as follows :

(i) All braces were in compression.

(ii) The behaviour of all braces were more or less the
same. While the rate of increment of forces in

B2 and B3 ﬁere almost identical, that for Bl was

less.
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Legend

.Overall length of Column = 106.7",

B A 82 83

D2 A\
c c2 c3
- ct c2 c3
(a) , (b)
Figure 23 . BUCKLING OF THE SYSTEM ,(a) INITIAL COLUMN
IMPERFECTION , (b) BUCKLING SHAPE OF THE COLUMN
SYSTEM

L.
1000

Maximum initial imperfection in Column C; = 0.016",

0.107

1 = 0.00015

Maximum initial imperfection in Column C; = 0.01"",

A
Maximum initial imperfection in Column C, = 0.017", %} = 0.00016
%} = 0.000094




Figure 24 ; Buckling shape of the columns
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(iii) All brace forces were of higher values than
those recorded in the previous two experiments.
(iv) A rapid increase in the brace forces - in all

three braces - was clearly noted at buckling.

3.4.4.2 Analysis and discussion : The increase in the

carrying capacity of the columns was significant. Each column
could carry a load (14.78 kip) equal to about 3.9 times that
one single unbraced column can carry alone theoretically

(3.78 kip; Appendix E). Hence buckling occured at a level of
load equal to 97.7% of the theoretical buckling load for a
single column braced at its mid-height (15.13 kip; Appendix E).
The small initial columns' imperfections and similarity in

the initial imperfection shapes of the three columns (Figure
23) contributes to this relatively high level of columns'
carrying load.

The increase in the brace forces was expected hence the
braces were of less strength and rigidity (Table 6) than those
used in the previous experiments (Tables 4 and 5). Not only
that, but also once the carrying capacity increased then
directly more loads are expected to be transferred to the
bracing system.

The maximum brace force recorded at buckling was of the
order of 1.42% of the experimental buckling load (on brace
B3; refer to Figures 26 and 27). Also the brace forces in

the other two braces were close to the maximum value. At the



BRACE FORCE AS PERCENTAGE OF COLUMN AXIAL LOAD

57

%
OS+ =
e
[ ]
= |
w H
= |
L T T S S S e S L R A
1 COLUMN AXIAL LOAD (KW) |
st
1.0 +
X
.84 .43 %
204
s \! //
z.s--.g, \\ //
o || / Bl
w //
a \\\ // ’
2 | / 82
30+ o0 \ /
|\ // mmmemm———— 83
W/
\\\ /) @ MAX. VALUE AT
38t ’ DESIGN LOAD
.
MAX. V.
\/ , prs ALUE AT
V -
40+

Figure 26 . AVERAGE COLUMN AXIAL LOAD :. BRACE FORCE AS PERCENTAGE
OFf THE COLUMN AXIAL LOAD



BRACE FORCE AS PERCENTAGE OF THEORETICAL COLUMN BUCKLING LOAD

“A

58

0.2+
=
o
o1+ 2
[N}
[
o 4 4 + ; + + ‘ + 4 4 + + - * '
|zsqso7oslou|znal4|a"
ol COLUMN AXIAL LOAD ( KIP) ‘
\\\
021- \\
\
\\
03¢ \Q 8l
\
\\ —_—————p2
0.44 \\
\ ————— 3
\
051 \\\ @ MAX.VALUE AT DESIGNLOAD
\
oet \ \\ <4 MAX. VALUE AT BUCKLING LORD
\\\
ort z AN
§ N
0.8+ u
a
=
o
09+ ©
'_o--
~
\\
\\\.’1
Il 2D
|\
1.2 + ‘\\
\
\
.34
\
\
1.4+ n'j-%

M 4

Flgure 27 . AVERAGE COLUMMN AXIAL LOAD vs. BRACE FORCE AS
PERCENTAGE OF THEORE TICAL COLUMN BUCKLING LOAD




59

allowable load (7.9 kip, Appendix E) the maximum brace force
was 1.7% of that load (Figure 26).

One of the interesting points in this experiment is
the effect of using welding for the attachment of the braces
to the columns. Welding connections usually provide some end
fixity to the braces which in return increase their carrying
capacity. For example, in this experiment, each brace was de-
signed as a simply supported compression member which could
carry an ultimate load of 196 1b.. (Table 6). But due to the
partial end fixity provided by the welding, brace B3 could
carry safely a load of 210 1b. as shown in Figure 25.

As a whole the bracing system was adequate and capable to
produce full bracing to the column system. Thus it was apparent

that braces having lower rigidity and strength can be used.

3.4.5 Experiment No. (5)"

3.4.5.1 Behaviour :

(1) Column System : Column C2 buckled first at a rea-
sonably high“level of loading. Then the other two
columns started to buckle as shown in Figures 28 and 29.
The buckling shape was in perfect two half-wave failure.
(2) Bracing System (For brace properties : See Appendix
H, Table 7) : Referring to Figure 30 the behaviour of
the bracing system can be summarized as :

(i) Brace Bl was in compression for the first loading

step thern changed to tension.
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Figure 28 . BUCKLING OF THE SYSTEM ; (a) INITIAL COLUMN
IMPERFECTION ; (b) BUCKLING SHAPE OF THE COLUM_
SYSTEM '
Legend
L = Overall length of colum = 106.7", k- = 0.107
A, Maximum initial imperfection in Column C, = 0.007", ALL = 0.00007
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Figure 29 : Buckling shape of the columns
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(ii) Braces B2 and B3 were in compression.
(iii)Braces B2 and B3 were having almost the same
rate of loading and their behaviour was similar.
(iv) Forces in brace Bl were relatively small specially
at buckling where it dropped to almost zero.
(v) Forces in braces B2 and B3 were greater than those

of brace Bl.

3.4.5.2 Analysis and discussion : The column system

carried a relatively high load as it buckled at a load equal
to 82.4% of the theoretical buckling load for a single column
braced at its mid-height, which is equal to about 3.3 times
that one single unbraced column can carry alone theoretically.
This buckling load (12.47 kip) is a little less than Ehe buck- .
ling load récordeg in the previous experiment (Exp. No.4) but a
bit higher than that load carried by experiment No: 3.

Brace forces wefe relatively small specially when
compared with those recorded from the previous experiment.
The maximum brace force was about 0.55% of the experimental
buckling load (on brace B2; Figures 31 and 32 ). Also at
the allowable load (7.9 kip; Appendix E) the maximum brace
forcé was 0.49% of tﬁat load (Figure 31 ). The cause for
such smaller forces can possibly be explained, even though

it is hard to give an exact answer, by the following two
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reasons :

(1) The initial column imperfections were relatively small,
specially for column Cl as shown in Figure.28. There-
fore the brace forces are expected to be small specially
for brace Bl.

(2) The small tension in brace Bl (Figure 30 ) gives the
impression that column C1l had the tendency to pull away
to produce tension in braces while the other two columns
were pushing towards the opposite direction (braces B2
and B3 were in compression - Figure 30 ). Therefore
the forces appeared on brace Bl were the resultant of
these two opposite sign actions, which expected to be
smaller than if all the forces were of the same sign
of action.

Even though the braces were practically of realtively
small rigidity and strength (Table 7)they were adequate to
produce full bracing to the system. This means that it'is
possible to go for smaller braces. But it is not
practical to go for smaller braces where there will be no

enough space for welding and attachment.

3.4.6 Experiment No. (6)

3.4.6.1- Behaviour :
(1) Column System : This experiment had been performed

by loading two columns only (Column C2 and C3, See
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Figure 33). It was advisable to unload and exclude
column Cl when it showed a kind of inconvenient de-
flection along its strong axis just a few loading steps
after the starting of the loading. The two column sys-
tem can serve the same objectives and requirements of
the investigation.

The column system performed normally till column C2

started to buckle and then follow directly by the

buckling of Column C3. The buckling was in three half-

wave failure shape as shown in Figures 33 and 34.

(2) Bracing System (For brace properties, See Appendix

H - Table 8) : Referring to Figure 35, the behaviour

of the top bracing line (B) can be summarized as :

(i) Braces Bl and B2 were in compression.

(ii) Brace B3 was most of the experiment under tension
and it changed to compression just near buckling.

(iii)The behaviour of all three braces were more or
less the same. While the rate of increment of
forces in Bl and B2 were almost identical, that
for B3 were less.

(iv) At buckling, the forces in all braces increased
rapidly and considerably {due to the columns' post
buckling behaviour).

Referring to Figure 36, the behaviour of the bottom

bracing line (B') can be summarized as :
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Figure 33 . BUCKLING OF THE SYSTEM ; (a) INITIAL COLUMN
IMPERFECTION ; (b) BUCKLING SHAPE OF THE COLUMN
SYSTEM
NOTE . ONLY TWO COLUMNS WERE LOADED
Legend
L = Overall length of column = 106.7", I%EE = 0.107
A = Maximum initial imperfection in Column C; = 0.02", ALL = 0.00019
Az = Maximum initial imperfection in Columm Cz = 0.019" %} = 0.00018
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Figure 34 ; Buckling shape of the columns
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(i) Braces B'2 and B'3 were in tension.

(ii) Brace B'l was in compression.

(iii)Braces B'2 and B'3 were having almost the same
rate of loading and their Sehaviour was similar.

(iv) Compression forces in brace B'l were of similar
magnitudes of tension forces in braces B'2 and
B'3.

(v) At buckling, the forces in braces B'2 and B'3
increased rapidly and considerably (due to the
columns' post buckling behaviour), while such an
increase was less on brace B'l.

3.4.6.2 Analysis and discussion : The gain in the

columns' carrying capacity was relatively high and consi-
derable. The column system buckled at a level of loading
(21.01 kip) equal to about 72% of the theoretical buckling
load for a single column braced at each one-third length
(29.13 kip; Appendix E). This means that the system could
carry a load equal to about 5.6 times that one single unbraced
column can carry alone theoretically (3.78 kip; Appendix E).
The gain in the carrying capacity achieved by the column sys-
tem of this experiment (72% of theoretical value) consider
high. The 28% discrepancy is primarily due to the effect of

the residual stresses* which at high level of loading reduce

* Residual stresses are formed in structural members as a plastic
deformation due to cooling after hot-rolling or welding, or due to
fabrication operations such as flame-cutting. These stresses are
existing in the cross section even before the application of an external
load. In rolled shapes, these deformations always occur during the process
of cooling. The flange tips of a wide-flange shape would cool more
rapidly than the junction of flange and web. The average compressive
residual stress at the flange tips of small to medium size shapes 1is
about 13 ksi for ASTM~A36 structural carbon steel.
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the column carrying capacity significantly. Besides, the
effect of the initial imperfections eccentricities and end
connections which also contribute towards thié discrepancy.

The maximum brace force was of 1.18% of the experimental
buckling load (on brace B'3; see Figures 37, 38, 39 and 40
for brace force percentages). Also the maximum brace force

at the allowable load (15.34 kip; Appendix E) was 1.11% of

.that load (Figure 38).

In general the bracing system was adequate and capable
to produce full bracing to the column system. Thus it was
apparent that braces having lower strength and rigidity can

be used. .

3.4.7 Experiment No. (7)

3.4.7.1 Behaviour :

(1) Column System : The column system buckled at a higher
level of loading than that of the previous experiment
(Exp.6). Column C1 buckled first then the other two
columns started to buckle as shown in Figure 41.

(2) Bracing System (For brace properties, See Appendix H,
Table 9) : Referring to Figure 42, the behaviour of the
top bracing. line (B) can be summarized as follows :

(i) Braces Bl and B2 were in compression for the first

few load increments then changéd to tension.
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(ii) Brace B3 was in tension.
(iii)Braces Bl and B2 were having almost the same rate
of loading and their behaviour was similar. .

(iv) Forces in brace B3 were higher than those of the

other two braces but the behaviour was similar.
Referring to Figure 43,the behaviour of the bottom bracing
line (B') can be summarized as follows :
(1) Brace B'3 was in tension.
(ii) Brace B'l was in tension for the first loading step
then changed to compression.
(iii)Brace B'2 was in compression.
(iv) Forces in braces B'2 and B'3 were having almost
the same magnitude and their behaviour was similar
in spite of the fact that they were of two different
force signs (compression in the first and tension in
the second), while forces in brace B'l were very small.
(v) At buckling, forces in the three braces increased
rapidly and considerably,

3.4.7.2 Analysis and discussion : The gain in the

carrying capacity was of a higher value than the previous
experiment (Exp. No. 6). The column system buckled at a level
of load (22.72 kip) equal to about 78% of the theoretical buck-

ling load for a single column braced at each one-third length
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(29.13 kips; Appendix E). This means that the column system
could carry a load equal to about 6 times that one single
unbraced column can carry alone theoretically (3.7 kips;
Appendix E). The 22% discrepancy is almost due to the same
effects as explained previously in Experiment No.6 (Due to
residual stresses, initial column imperfections, eccentrici-
ties and end connections).

. Forces in braces were small and the maximum brace force
was 1.08% of the axial buckling load (on brace B'2; See Figures
44, 45 and 46 and 47 for brace percentages). Also the maximum
brace force at the allowable load (15.34 kips; Appendix E)
was of 0.82% (Figure 44) of that load.

The fact that brace B3 was the most loaded brace in the
top brace line (Figure 42) instead of brace Bl, as expected, is
mainly due to the buckling shape of the column (Figure 48)
and the initial ¢olumn imperfections. These led to a tendency
for brace forces to cancel rather than to be additive (Figure 48).

The behaviour of the bottom bracing line as shown in
Figure 43, reveals that the forces in brace Bl' act as if they
were the resultant of the two opposite forces in braces B2'
and B3'. Since the magnitude of the forces in brace B2' is
greater than the forces in brace B3', the net resultant force
should be compressive as shown by forces in brace Bl' which
confirms its behaviour as the resultant of the two. These varia-

tions in the forces of the braces mainly due to the effect of
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the initial imperfections and eccentricities. The attain-
ment of experimental buckling load close to the theoretical
value indicated that the braces had adequate strength and

rigidity and braces having lower strength can be used.

3.4.8 Experiment No. (8)

In this experiment braces of relatively very low strengths
and stiffness were used in an attempt to reach the lowest
possible brace strength and rigidity. To reduce the possible
occurance of any end imperfection, good care was given for

fixing the column end plates.

3.4.8.1 Behaviour

(1) Column System : The column system buckled at a

higher level of load than that of the previous experi-

ments (Exp. Nos. 6 and 7). Column C1l buckled first

then the other two columns started to shape as shown in

Figures 49 and 50.

(2) Bracing System (for brace properties, See Appendix

H - Table 10) : Referring Figure 51, the behaviour of

the top bracing line (B) can be summarized as follows :

(i) Brace Bl was in compression during the first loading
increment then changed to tension.

(ii) Brace B2 Qas in compression during the first few
loading increments then it started to change between
tension and compression till the occurens of the

buckling.
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Figure 49 : BUCKLING OF THE SYSTEM : (a) INITIAL COLUMN
9 IMPERFECTION ; (b) BUCKLING SHAPE OF THE COLUMN

SYSTEM
Legend
L = Overall lemgth of colum = 106.7", T = 0.107
Ay = Maximum initial imperfection in Column C; = 0.028", ALL = 0.00026
Az = Maximum initial imperfection in Column C, = 0.025", %‘z- = 0.00023
‘43 = Maximm initial imperfection in Column Cs; = 0.023", % = 0.00022




Figure 50 :

Buckling shape of the columns
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(iii)Brace B3 was in compression.

(iv) Forces in brace B3 were little higher than those

(v)
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of brace Bl. But, more or less they were having
similar behaviour. Af ter cyossing the theoretical
load for the case when the column braced at mid-
height (15.13 kip-Appendix E) the forces in

these two braces increased gradually with higher
rate than before.

Brace BZ was fluctuating between compression and

tension with very small amout of brace forces.

Referring to Figure 52 , the behaviour of the bottom

bracing line (B') can be summarized as follows :

(i)

Brace B'l was in tension during the first loading

increment then changed to compression.

(ii) Brace B'2 was in compression.

(iii)Brace B'3 was in tension.

(iv)

(v)

(vi)

Forces in brace B'l were little higher than those
of brace B'3, but both of them were having similar
behaviour.

Forces in brace B'2 were smaller than those of

the other two braces.

After crossing the theoretical buckling load for
the case when the column braced at mid-height
(15.13 kip; Appendix E), the forces in the three

braces increased gradually with higher rate.
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3.4.8.2 Analysis and discussion : The column system
buckled at a little higher load than that of the previous
experiment (Exp. # 7). This is because of the fact that the
discrepancy of fixing the end plates was minimized. The
buckling occured at a 1oad equal to 23.82 kip, which is equal
to 82% of the theoretical buckling load for a single column
braced at each one-third point of its height (29.13 kip -
Appendix E). This means that the column system could carry
a load equal to 6.3 times that one single unbraced column
can carry alone theoretically (3.78 kip - Appendix E). The
18% discrepancy is expected due to the effects of the residual
stresses, initial column imperfections, eccentricities and
end connections as explained in the two previous experiments
(Exp. # 6 and 7).

Brace forces were relatively small, even smaller than
those recorded from the previous experiment. This is due to
the good control which had been given for fixing the end
plates. Which reduced the total amount of the initial
column imperfection and consequently reduced the amount of
the brace forces. The maximum brace force was 0.83% of the
experimental buckling load on brace B3; See Figures 53, 54,
55 and 56 for brace percentages). Also, the maximum brace
force at the allowable load (15.34 kip - Appendix E) was
0.81% (Figure 53) of that load.
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The behaviour of the brace forces in both brace lines
(top and bottom - Figures 51 and 52) showed an interesting
ideal behaviour. Both lines had almost similar trend of
behaviour and similar amount of forces,but the interesting
point, is that, the sign of forces in the braces of one
brace line were completely of the opposite signs for those
typical braces in the second brace line. This reflected the
expected ideal behaviour for the column when it starts to
buckle in three half-wave failure. Where to do so, the
column curvature at one brace line should move (with the same
amount) to the opposite direction of the other point at the
second brace line as shown in Figure 57; see Appendix C -
Figure 64 for similar theoretical behaviour. This experi-
mental result proves two points at the same time; first it
proves - that the theoretical assumption of the behaviour
and the buckling shape for such a bracing system agreed with
the actual behaviour; second it gives and shows a good
evidence about the accuracy of the systenm.

Finally, the most important result of this experiment was
the fact that, even though the braces used in this experiment
were practically considered very light (Table 10), yet they
could provide full bracing. Also the brace forces were very
small specially when theycompared with the great gain in the
columns' carrying capacity, which proves again that only light
and inexpensive braces are really needed to provide full

bracing; no matter what the type of the braced system is.
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T = TENSION
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Figure 57 . BUCKLED SHAPE OF THE. COLUMN SYSTEM
AND TYPE OF FORCES IN THE BRACES
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chapter ‘l-

COMPARISON OF THEORETICAL RESULTS WITH
EXPERIMENTAL RESULTS

4.1 General

For comparison purposes, design charts presented by
Medland* were used. These design charts allow straight-
forward evaluation of brace load and stiffness requirements
for interbraced column structures have up to 6 parallel
columns inter-braced by up to 12 lines of bracing. Both
uniform and parabolic axial force distribution within the
column length are considered. Once the present investigation
deals with uniform axial forces, the uniform charts will be

used.

4.2 Theoretical Results

All the required data for the evaluation of the theore--
tical brace force percentages are presented in Appendix D.
The results of these analysis with the corresponding experi-

mental results are presented in Tables 11 and 12.
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| chapter -!!;

SUMMARY, CONCLUSION AND RECOMMENDATIONS

5.1 Introduction

Results from such a large scale experiment are usually
not expected to be very close to those results predicted by
theoretical analysis, mainly due to the fact that many
discrepancies exist between an actual structure and an ideal
one.

‘The present investigation showed the behaviour of braces
and their response to the applied ¢olumn loading, also the
responses of the columns influenced by these braces. It has
been noted from all experimental results that despite the
differences in the behaviour of braces the brace forces wefe
usually small in all cases. This shows that brace members

need to be designed for a small force onmnly.

5.2 Summary and Conclusions

A series of buckling tests were performed on a three-
column braced_structure to examine the behaviour of such a
structural system and to find the forces in the braces at
various stages of loading. The stiffness and spacing of

braces were varied to determine their effects on buckling




105

loads and to provide some useful data for design.

Two cases of the bracing system were studied. In the

first case, the columns were braced only at the mid-length

and in the second case, the columns were braced at each

one-third length. Static loads were applied to each column

by hydraulic jacks and the actual force in the column and the

braces were determined from the record of measured strains.

Based on this study, the following conclusions are drawn :

(1)

(2)

(3)

(4)

The carrying capacity of the columns can be increased
effectively by bracing them laterally to an unyielding
support.

The required area and stiffness of lateral braces to
force buckling of a column between two brace points.are
relatively small. The maximum brace force recorded in
the experiment was less than 2% of the buckling or the
allowable load for a column.

Brace forces are significantly affected by initial
imperfections (crookedness) of columns. For normal
columns of acceptable initial imperffections (in the
neighbourhood of 1/1000 of the column length), the brace
forces are relatively small.

Theoretical results obtained from Medlands* design

aids, agreed qualitatively in most cases with experimental

results, though a close agreement was lacking. This




(5)

(6)

5.3
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could be attributed to the column imperfections and
inherent end eccentricities. These led to a tendency
for brace forces to cancel rather than to be additive
as Medlands' analysis assumes.

For design of braces in a three-cdlumn braced struc-
ture, the recommended design force of 2-2%% of axial
column load appears to be adequate. This force is
larger than the values obtained from all tests.

The brace stiffnesses provided were orders of magnitude
larger than the minimum stiffnesses required by
Medland's theory and this may account for the lack of
correlation between brace stiffness and brace force in

the experimental results (See Tables 11,12 and 13).

Recommendations

It is recommended that further research investigations

should be carried out to cover the followings

(a)

(b)

(<)

Initial column imperfections should be controlled and
varied in steps to study their effects on the behaviour
and the magnitude of brace forces.

Number of bays could be increased to find its effect on
the magnitude of the brace forces.

The effect of other types of bracing system could be

examined (i.e. more than two horizontal brace lines or
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different attachments of cross bracings).
(d) Various end conditions for columns can be looked into
to observe the influence of end conditions other than

pinned ends.
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APPENDICES

Estimation of the lateral force at mid-height of
a single column with concentric axial load and
immovable point support. (By Zuk!)

Estimation of the lateral force at mid-height of a
single column with concentric axial load and an
elastic support. (By Winter, Green and Suyeondall)

Simplified mathematical analysis to determine the
lower limits of brace strength and rigidity to
produce full bracing in a single<braced column.
(By Winter?)

Evaluation of the theoretical brace force percen-
tages by using Medland's" design charts.

Evaluation of design (allowable) carrying loads and
ultimate buckling loads for single experimental
column. (By AISC® Formulas).

Computer outputs : Tables for brace force percentages.

Sample test on evaluation of Young's modulus of
elasticity (E) for experimental column material.

Tables for experimental brace properties.



110

APPENDIX A : Estimation of the lateral force at mid-height
of a single column with concentric axial load
and immovable point support (By Zuk!)

Notations
Referring to figure 58

Y, = Initial crookedness,assumed

as 'a sin % '

Y1, Y2 = Additional deflection due
to P -

Bl = EI = Flexural rigidity

P = Critical elastic buckling load for braced
2
column at mid-height = lmTEI_
L
_ 4m%B1
L2
=2 - P
P =1 Bl
Analysis
The differential equations of equilibrium are the following :
Between X =0, X = —;‘-
2
B S = p(y, +y1) + X (a-1)
2
dx
L
Between X = L X=1
2
BT SY - p(y +y2) + 2X - Rx - ) (a-2)

dx?
The boundary and continuity conditions are as the following :

2
at X =0, y; = 0, L4 W
dx?



Figure 58 | BUCKLING OF AN AXIALLY LOADED SLENDER COLUMN
BRACED WITH IMMOVABLE POINT SUPPORT AT MID-HEIGHT
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L
atx--z-, y1 =y2=0,

2
T

2
at X =1L, Y2'0’d—zz'- 0

dx2
The solution of these equations yieldﬁLto the following :
2p°L%a (1 + cos pL + 2sid® 2)

bL 2 PL
(rP-p?1?) (2028 7 1 pcospr _ lein
2 B1p
Blp 2B1p 2B1p

F =

(a-3)

The formula (A-3), of course, is too complex for general use. However
if the critical load substituted by its value

2
P 4m°B1
LZ
the formula reduces to

641°Bla _ 64mEla
3L3 3L}

F =
max

(A~4)

It is noted that the lateral force is a direct function of the initial
crookedness 'a'.




APPENDIX B : Estimation of the lateral force at mid-height

1.
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of a single column with concentric axial load
and an elastic support.

(By Winter, Green and Cuykendall)?

It has been proved that the maximum
brace force F for the column to be

buckled as in curve (2) in Figure 59 ;
can be demonstrated as :

- B
F Kia T-u (B-1) |
where the total deflection § = Igﬁ 3

a = Initial crookedness in an elasti-
cally braced column;

Ki= Elastic spring constant of the

support ;
P P
u=P =P ;
critical cr
2
p = E1 + 3

or 1€ KiL (Approx.value)

L2
This critical value (Pcr) applies only for values of K not exceeding

2
16m°ET (B-2)
L3

»'+« F can be written as :

2
F = 16aK)PL (B-3)
16m2EI + 3K,L*- 16PL2
. 16m2ET -
where:K;< ———= (Otherwise the column will buckle as in curve (3)

L3 rather than (2) in Figure 59);

P<P (Otherwise the deflection and the lateral force become
cr
infinite).
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Figure 59 : BUCKLING OF AN AXIALLY LOADED SLENDER COLUMN
BRACED WITH AN ELASTIC SUPPORT AT MID - HEIGHT
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2. The lateral force F for the case where the column will buckle as
in curve (3) in figure 59, would be approximated as :

F = a_'P_I (B-4)
1- K;
where
2
v 64T EI (B-5)
3L

It can be noted from Fnax due to immovable support (-4ppendix A,
Eq. A~4) and Eq. B-4; that for the same applied load, the effect
of the elastic support is to increase the value of the lateral
force F over that of the immovable support (Appendix A).
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APPENDIX C : Simplified mathematical analysis to determine
the lower limits of brace strength and rigidity
to produce full bracing in a single-braced column
(By Winter?).
For any Ideal Column with hinged ends

and with unyielding support at mid-
height (Figure 60),it buckles in two
half sine-waves at the Euler-Shanley

load :
m2EI :
P = —— = 4P! (C-1)
e 2 e
L
where

Pé = Euler load (without mid-height
supp.)
E = Youngs modulus of elasticity.

If a real or fictitious hinge was
introduced at the mid-height support
in the continuous column, as shown in
Fig. 60 nothing would be changed,
where

If the column of Figure 60 braced by
an elastic support (Figure 61)and if
this support is rigid enough to
produce (full bracing)* the columm
would buckle in exactly the same
manner as for unyielding support,
and again a fictitious hinge can be
interduced at the support, as

before (Figure 61).

*  Full bracing = If the actual elastic bracing equivalent
in effect to an unyielding support; such
bracing will be called full bracing.
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Figure 60 : BUCKLING OF AN IDEAL COLUMN BRACED AT
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Figure 81 :BUCKLING OF AN IDEAL COLUMN BRACED AY
MID- HEIGHT WITH ELASTIC SUPPORT
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Actual column (Figure 62) can be '
represented with initial crookedness
do which is small as compared to 2L.

This column is supported by a single
elastic support at its mid~height
(Fig.62). As the column loaded, the
support reaction would be F = Kd,
and if full bracing is provided, the
final failure occurs at a load equal
(or almost equal)to Pe as shown
solidly in Figure 62.

Taking moment about the fictitious
hinge :

FL KdL
M = T-Pe(d°+d)'o=_2—-Pe(d°+d)

where :

d = deflection due to loading (The elastic brace with spring

118

constant K deflects together with the column a distance d).

.. The spring constant required to produce full bracing :

2Pe do
K'reg L (7f'+ L

For an ideal column d, = 0

g o Be_2 (@EL, _ 2n%EI
S T S R s L req

(c-2)

(c-3)

It 1s noted that the larger the initial imperfection do the larger

the required Kreq (Eq. C-2).

The required strength of bracing S = reaction F, 1i.e.

2p dg 2p

e e
Sreq F= Kreqd =1 (T +1)d= I (do + d) = Kid (do + d) (C-4)

"+ It can be concluded that full bracing has been achieved if :

> >
Kact-— Kreq and sact —-Sreq




119

’
F/z
oo

Figure 62 : BUCKLING OF ACTUAL COLUMN BRACED AT
MID-HEIGHT BY SINGLE ELASTIC SUPPORT
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Column with two equal and equidistant supports:

When the column loaded with P, it could buckle in one of the
two modes shown on Figure 63(a,b) To decide which of these

modes requires the larger support rigidity K, ideal column to be
investigated first.

From Figure 63a: Taking moment about the fictitious hinge :

FL - Ped = 0, with F = K:l.dd gives :

P
e
Kid 1T (C-5)

Also, from Figure 63b:

%L - Ped = 0, by substitution value of F given uwp
E!Pe Pe
e =T >1T (c-6)

.+ The second mode (Figure 63b)which governs and determines the

magnitude of Ki 4

Next, for obtaing values for Kreq and Syeq, an initial imperfection
should be assumed. To be in the conservatgve side, the initial shape
of the column assumed to be a symmetrical S-shape (Figure 64).

.". from Figure 64:

%L - P4, +d) =0; FeK .d
) IR
P Kreq = —i.-e- (T +1) (c-7)
3Pe
Steq = T Wo*+d = K (do+ ) (C-8)

A final case for three intermediate supports has been analysed
also, for interest refer to Winters® paper.
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Figure 63 . MODES OF BUCKLING FOR AN IDEAL Figure 64 . BUCKLING OF

ACTUAL
COLUMN BRACED WITH TWO EQUAL COLUMN BRACED WITH
ANO EQUDISTANT SUPPORTS TWO EQUAL AND

(e JUN-RALL BRACED CASE EQUIDISTANT SUPPORT

(D)FULL BRACED CASE
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APPENDIX D : Evaluation of the theoretical brace force

Notations and definitions to be used for analysis

percentages by using Medlands" design charts

L =

I =
y

r =
y

a =

E =

P =
cr

P =

2 =
cr =

P =

overall length of column = 106.7 in (Table 2)
column second moment of inertia = 0.151" (Table 2)
columns' radii of gyration at weak axis = 0.358" (Table 2)

distance between brace lines = 53.35" (for single bracing)
= 35.567" (for double bracing)

A

Young's modulus = 29 x 10° psi

Critical buckling load :

2p7
(Pcr)Euler = (Pcr) = ;‘E::y = 15,13% (for single bracing)
by AISC*
®er)Buter = _?Z = 34.2
(for double bracing)
(. Jbe ascr = 29.13% (govern)

maximum experimental axial load (Chapter 3; these values are
summarised in Table 13),

Ratio of P/Pcr

Critical value of % :

2'cr = 1.0 (for single bracing)
.. = 323 - 0.85 (for double bracing)

brace force as percentage of P (Figures 65, 66 and 67).

* Appendix E
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Figure 65: Critical load, brace stiffness - uniform
force (Fig. 3 - Medland).

c8 - T r
| | '
07 ;
P
o6
o3 f Ly T
) |
| i
04 '
o S 10 15 20 2 2
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Figure 66 : Uniform force brace stren - !
gth - 1 brace
(Fig.10 - Medland) '
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— == 9 BRACES

N

Figure 67 : Uniform force brace strength - otl;er
cases (Fig. 11 - Medland) '
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12EI 12ET1
bmin = min. linear elastic stiffness of brace = f(———;x-) = Fudu(———;z-)
a a

where : f = non-dimensional multiplier for brace stiffness (Fig. 65 )

12EI
; = 346.1 1b/in (for single bracing)
a
= 1167.9 1b/in (for double bracing)
Fu = modified £ for multibay cases = f/du (Fig. 65 )

n = number of bays between columms = 2

du=m%n2+Lﬁn+l = 5.5

3

3.093 x 10

. b = 1903.55 Fu 1b/in, Fu = 1.625 (from Fig. 65

for 1 brace line -single bracing - and for 2cr =1).

b = 6423.45 Fu 3

11.113 x 10~ 1b/in, Fu = 1.73 (from Fig. 65

for 2 brace line - double bracing - and for zcr = 0.85)

Evaluation of brace force percentages at maximum column loads :

The brace force percentages are evaluated by using Figures 66 and 67
(for the values of £ and (Fu), , see Table 13 ). All the results are
presented in Chapter 4, Table {T.
Example : (Experiment # 3)
By using Fig. 66 with F, = (Fu)exf = 104 (Table3), £ = 0.78" (Table 13)

.'+. P(for brace B3) = 0.53%; p(for brace B2) = 0.53x2 = 1.06%;
P(for brace Bl) = 0.53x3 = 1.59%.

Evaluation of brace force percentages at the allowable colummn loads:

Similar analysis has been performed as for the evaluation of the force
percentages at the maximum column loads. The results of this analysis
are presented in Chapter 4,Table 12.
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APPENDIX E : Evaluation of design (allowable) carrying loads
and ultimate buckling loads for single experimental
column (By AISC® Formulas)

(1) Formulas to be used : (Figures 68 and 69)

2
(KL/x) for & > ¢
r c
For 12F r
F, = < = —=SL  (E-2)
a Factor of safety (F.S.) 23
2
® F_ = F (- K07, (E-3)
cr y 2
2cc for (EL) <C
r c
Fcr Fcr
Fs " Fs. " 5/3 + SKL/T) _ (RL/r)? (E-4)
80c 8c?
c
where : Fcr = ultimate buckling stress
Fa = allowable axial stress
Fy = yield stress = 36 ksi for A-36 steel
E = modulus of elasticity = 29 x 10° psi
2
c 21 E  _ 126.099
c F‘y

(2) Evaluation of ultimate and allowable carrying load for a single
unbraced experimental column (Figure 70 ) :

* rx/ry = R = 3.52 (for column properties see Table 2).
* (KL), = 1 x 106.7 = 106.7" = (KL)
. y (KL X

)x

*

Equiv., (KL = = 30.31" <
quiv. ( )y 30.31 (KL)y

. . weak axis controls
* (), = 298,045 > C_ (Use eqns. E-1 & E-2)
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>

KL/r

Figure68. TYPICAL RANGE OF COLUMN STRENGTH vs. SLENDERNESS RATIOS

30 ¢

-
~
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.5, 3(KL/r)_(KL/e)®
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3 8C,
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Fo s —S-
~_ "Fs.
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~ 23
\ —
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~——Al8C
PINNED ENDS ' CT"“J
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Figure 69 : COLUMN FORMULAS FOR AISC
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I
b
(a) (»)

Figure 71 . DIAGRAM FOR SINGLE SIMPLY
SUPPORTED EXP COLUMN
BRACED AT MID-HEIGHT
(a) STRONG AXIS
(b) WEAK AXIS

Figure 70 : DIAGRAM FOR SINGLE SIMPLY

SUPPORTED UNBRACED EXPE-
RIMENTAL COLUMN

_.{-

4

| ¢ ¢
I: ly
x y
(9)

(a)

Figure 72 | DIAGRAM FOR SINGLE SIMPLY SUPPORTED
EXP. COLUMN BRACED AT EACH ONE - THIRD
LENGTH (a) STRONG AXIS (b)WEAK AXIS




(3)

4)

.. F = 3.22 ksi, P = F, XA , =3.78 kip;

cr cr 1.

Fa = 1.68 ksi, = 1.97 kip.(52.12% of Pcr)

Pallow.

Evaluation of ultimate and allowable carrying load for a single
experimental column braced at its mid-height (Figure 71 ) :

* (KL)y = 1 x 53.35 = 53.35" , Ly = 53.35"

* (KL) = 1 x 106.7 = 106.7" , L = 106.7"
X X
(KL)

* Equiv. (K:.)y = Rx = 30.31 < (lcx.)y

. « Weak axis controls

* (I%)y = 149.022 > C_ (Use eqns. E-1 & E-2)

o Fcr = 12,89 ksi, Pcr = 15.13 kip;

Fq =6.73 kst , = 7.90 kip (52.21Z of Pcr)

Pallow.

Evaluation of ultimate and allowable carrying load for a single
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experimental column braced at each one-third length (Figure 72 ) :

* (KL)y = 1 x 35.567" = 35.567", Ly = a = 35,567"
* (KLY, = 1 x 106.7" = 106.7", L_= 106.7"
x x

L)
* Equiv. (KL)y =g = 30.31" < 35.567"

« « Weak axis controls

* (%%)y = 99,349 < Cc (Use eqns E-3 & E-4).
e Fcr = 24,83 ksi, Pcr = 29.13 kip;
Fa = 13.07 ksi, Pallow = 15.34 kip (52.66% of Pcr)
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APPENDIX F : Computer outputs : Tables for brace force
percentages
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APPENDIX G : Sample test on evaluation of Young's modulus of
elasticity (E) for experimental column material

The present test had been performed on a piece cut and shaped from
one unused experimental column web. The strain values plotted in
Figure 73 (load-strain diagram) are the average readings of two
single strain gages fixed at the center of the specimens as shown
in Figure 73.
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APPENDIX H

Tables for Experimental Brace Properties



142

3 npvedev®

ol c1€ e o (0d) -, 91Z°0 681°0 T
- 62 64%T%°9 - gtz |l
_r 3 €EE 26€°T 8°y 6°C
: %0T°0 921°0 928°0
oy €62 62 69L€°T 91 |, 18
2L9°0 4 1°2
a | {'] v
. 3 : :
ﬂMJHuJE. il Dl e W0 " w Y |3ovee
UOROOS 880D | poo) bupxong-osyieonig| 3 X-X]1 | 00Iv°i0e5 $800) | (4) seenpiyl | (Q) Wbt | (1) wbuwny |

1N0AY. NALSAS

¥ ¥y

9

4 %

%

mm

-S311Y3d0Yd 3IoVNE

[OIXY [03481004L Oy J0 % L0°z = OOl X

[tennggrst = (imouesoen)* g ] + poor sunrong wemed

gl .
cOIx £TE . POTITANIRNG ®019 paouned

(Buposg e)buis ) z 'ON jusunsedx3

1NOAVT W3LSAS B SIILN3IHONd 3ovNE . h 378yl



143

2 npueddy®

ol 8€2 )e ........J..o,: ‘. %91°0 SH.o. 998°0
- 82 zzL8 Y - g°'eZ Ul
m. 1 114 950°T 8 A4
. %6L0°0 9Z1°0 0£9°0
o = % 1 X A4 6¢ . 9l L 1e
) N\ 2060°T — — po-
q ) ‘u) w
. 2 . .
e ted) | e 0 e | o o T T w0 4 |ove
UONOSE 880D | poo™) Buliwang ‘oey) sonug 3 X-X] | 00y 0eg ssa) | (1) sewmpiyl | (q)wipim | () wbven
1NOAVY N3LSAS , .S3114340¥d  A0VYNE
z8

..m

Jlnn

+44

PIXY [DIHJOSYL O 0 % /S°T = 00l X

_”...3©n_.n_ = (10oue200u1) “Jog | * oo Buyong waryed

€l° sl
e OIx( 8EC )

lggg;

(Bupoig ejbuis )

€ "ON jusunsedxl

LNOAYT WALSAS B S3ILY3dONd 3IOVNSE .

S 38wl




144

"3 Mpuddy @

ol 96T )e ..!.IJ}: Y€1 0 681°0 60L°0
. 62 6886°€ - g°'eZ |ceel
b L0? ¥98°0 89 08°t
_ : $590°0 9z1°0 025°0
D8 N\ 4 81 62 | 89980 o . 1e
E £€2%°0 (A 2 (A28
Ay o ax | W ox Y w | :
..-IH_II-.._u «FuJ.Bau 16d o | J0 O w0 ‘W w E:
uoRoes 880X | poom) Bunang ‘oey eo0ug 3 X-X] |00y 00S 880 | (4) SeeiyL | (Q) WPIM | () wbun
1NOAY WELSAS .S31143d404¥d 3ovue

h% )

pHn.

19

¥ &

4 4

[DIXY [DGOML WY J0 % 62°T = 00! X

_.-.23©n_.o_ .._Q.sz.mjeu * pooT Butinong wamye)

el sl
oy 96T .lvoﬂgggviﬂ

( Bupoig ejbuis )

% ‘ON jusunsedx3y

INOAVT W3LSAS B S$S31L43dONd 3oVyE .

g 37evl



145

"3 xpuediv®

ol €01 )e e C YT £0£0°0 68T°0 YLE*0
62 THoT T ~ : : $'eZ |coelm

_r 3 L_ 60T | 959°0 67 | 60

: LY€0°0 921°0 Lz°0
D NN\ E 86 62 »85Y°0 9N e

¥22°0 z°€ 0L°0

‘ql . .
. v u W )
ﬂ“l«:.uJb._: ed orx | g O W0 "ww wo Y 3ove
UoNoeS 880D | pooT) Buinng ‘oey L sonug 3 X-x1 DAY °§00S 880D | (1) sseupiyL | (Q) wipim | () wibun

1NOAYY. NGLSAS 1S31143d0Nd 3DVNE

Y ¥t

mnm - -

T..z.@e.o_ = (1094e.0041)' " od | * P00 Buriyong wunep

U ]|
PIXY (09100041 Oy )0 9, 89°0 = 00| X +———emmmemmeeem POCT] BUKYNONG €00UT POIOWNST
ann% £0T )

\& -& \.w (Obupoig ejbuis ) S °ON jusuniedx3

LNOAVT W3ILSAS B8 S3LY¥3dO¥d 3ovyE . [ 378wl




146

3 npueddy @

sl 69c )+ otosen V(ng) °, €52°0 681°0 6€€"T €9'ze
- 62 €€ES° L - g'c2 °

— 4_ 06€ 2€9°1 8y v°€ ca‘ze
I ore 6z coro-T ¥2T°0 921°0 486 °0 on |igen

008°0 z°¢ 4
3 od oix | - x 2 2 e .
Tigog t(od) [ 1M 0% | Ju 0 2o o o " |30vue

UOHOSES 8000 | poo Bupsong 'oeyy eo0g 3 ¥-x1 | oaypegesan)|(i)ssewpiys | (q)weim | (1) wbwn
ANOAYT WELSAS : -SIULNIHI0Nd g
£ 2 19

IOIXY (0011820041 4 4O %LZ°T =00 X oTv( 6or] * oo bunng sonig peroung

[tom)grez= (1oomesew)™ o] - oot bupene wno

€1°'62

e-" &

( Budoug eiqnoq )

9 ‘ON juswisedx3

dNOAYT W3ALSAS 8 S3LLY3IHONd 3OVNE .

g 3new




147

. 3 mpusddy @

ﬁ? ol LT ) » sboseno O(2d) °, 2170 68T°0 2490 ce'ze
. . 62 6TT9°¢ - - g2 L]
"
9650°0 921°0 €L9°0
i 891 6z | ssscco o' 19w
%8€°0 z°€ 21
) " {') w :
7 . . 4 .
.m.u_.mmwl._.p =(J0d) ted an p yorx Fuo ‘ww u - e
WONOOS  $900) | poo) Buppngosyteonig| 3 x-x1 | oesyioeg ssan | (4)sseupiul | () wpim | (1) wbuey
. . -S3UYIH0Nd IIVME

_”..__z,@n_.mwu :8:285.38”_ - PO Buong D

€l°62

[OIXYy |OON8I08YL 8y JO %% T9°0 =0QO0I X oI

c O (LT

Po0T BuPNg S0D/G PaOWNE)

( Budosg ejqnoq )

L "ON juswisedx3y

ANOAYT WILSAS © SILY3HONd 3ovNE: 6 3mevl



148

'3 mpusddy @

ﬁr »f m:....z!.iﬁ&v 8180°0 681°0 €€Y°0 ce‘ze
s 62 T9€%°2 " - g'ee e
N 9etT 825°0 8°y 11 ce'ze
% " 16£0°0 921°0 STE0
' rAn s 82 1626°0 oIl -..clr
96Z°0 AL 8°0
u_.. / od x| - | % z4 .s b .
.ﬂ_.munulu..h =(ad) [ 1990 | 4" 0 Juo ) ™) A 12owee
UBNOSS 990 | poo) Bumrong ‘oey | song 3 X-%1 | dasypegssan | (i)ssempiul | (q)wipm | () wbue
- 4NOAVT NILSAS : SIUNIIO0Nd IVNE

€0 20 19

ﬁ:..ﬁ@.n_.amu :8:235..82“_ * POOT BurNong WD

33.3.!0!.....!:-0*36»8: o_xna_ OmNﬂ . uveﬂuii.dBEﬂn!ﬂ

e-" ¥
\v \vv & ( Budnig ejqnog ) 8 °‘ON juswiiedx3l

LNOAVT W3LSAS B SILYIONd 3IdveE : 0T 3wl




