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ABSTRACT

The objective of this investigation is to determine the effective length factors for
solid round diagonals in all-welded communication towers. A total of thirty-three
welded towers were tested in the investigation with all the towers in a horizontal
position and concentrated load at mid-span. Of the thirty-three specimens, fifteen
specimens were six-panel cross-braced towers with a span of 4572 mm (180 in).
The leg sizes were 38.1 mm (1.5 in), 50.8 mm (2 in), 69.85 mm (2.75 in)
diameter, and diagonal sizes were 12.7 mm (0.5 in), 14.29 mm (0.563 in),15.88
mm (0.625 in) diameter. Sixteen specimens were eight-panel cross-braced
towers with a span of 5690 mm (224 in). The leg sizes were 38.1 mm (1.5 in),
50.8 mm (2 in), 57.15 mm (2.25 in) diameter, and the diagonal sizes were 19.05
mm (0.75 in), 22.23 mm (0.875 in),15.88 mm (0.625 in) diameter. Two
specimens were six-panel single-braced towers with leg sizes of 50.8 mm (2.0 in)
and 76.2 mm (3.0 in) and diagonal sizes of 22.23 mm (0.875 in), 28.58 mm
(1.125 in) diameter.

Two specimens were fixed with strain gauges on every member, while all other
specimens were tested with strain gauges fixed on only one panel.

After the test, tensile specimens were cut from the diagonals of the tower, and
tested for the yield stress and tensile strength. Axial forces in the diagonal and
leg members were calculated based on the actual yield stress and strain
readings, assuming an elastic perfectly-plastic stress-strain curve for steel.

The buckling loads were determined from the maximum axial forces in the tested
members, and effective length factors were calculated according to CSA-S37-94
Standard and AISC-LRFD Specifications. The average effective length based on
CSA-S37-84 for cross-braced diagonals is 0.35 of the total diagonal length, while

vi



the effective length is 0.37 of the total diagonal length based on AISC-LRFD. The
effective length factor for single-braced diagonals is 0.50 and 0.56 based on
CSA-S37-94 and AISC-LRFD, respectively.
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NOTATION

cross-sectional area

the thickness of slice “‘m”

force in the cross-braced compression member
the critical load for compression member
Euler critical load

the critical tangent modulus load
compressive resistance

diameter of the test member

the thickness of slice

modulus of elasticity

tangent modulus of elasticity

reduced modulus of elasticity

effective modulus of elasticity

resultant axial force in the test member

critical load according to AISC-LRFD Specification

resultantforce in the slice “m”
yield stress of material
moment of inertia

moment of inertia of the tension diagonal



le moment of inertia of the compression diagonal
K effective length factor

KU/r effective slenderness ratio of the member

L length of compressive member

Ld total length of diagonal center to center of legs

T force in the cross-braced tension member

X the depth of neutral axis

Ym the distance measured from the center of slice to centroidal axis of the
cross section

r the radius of gyration

o stiffness furnished by the tension member to compression member

Oltim the limiting value of the stiffness of the elastic support

A the nondimensional slenderness parameter
o resistance factor for compression

€m the strain in the center of the slice “m”

Om the stress for slice “m”

€., €; strain readings in the opposite sides of the test member
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INTRODUCTION



1.1 General

With the rapid development of world economy and technology, in the fields of
construction and telecommunication, more and more welded towers are
constructed and used. The welded towers are either self-supporting or guyed
towers. Self-supporting latticed towers are of variable cross-section, whereas
guyed communication towers are of constant triangular or square cross-section.

Welded towers consist of legs, diagonals, and sometimes horizontals, which are
connected together by welding. Solid rounds, tubes, as well as angles are used
for the components of the welded towers. Diagonals can be arranged in cross-
braced or single-braced configuration.

Towers with cross-braced diagonals can be fabricated in one of the following
ways:

Type I: one diagonal straight and the other bent around and welded at the
intersection.

Type II: both the cross-braced diagonals are in-plane with one of them
continuous and the other cut and welded to the continuous member.

Type III: both the cross-braced diagonals are out-plane at mid-span and then
welded together at their intersection.

During the design of welded towers, effective length factors for diagonals are a
major parameter in the computation of the compressive strength of diagonals.
Effective length factors for cross-braced diagonals of type III are the subject of
this investigation.



1.2 Necessity for the Investigation

To the best of author's knowledge, though many experiments have been carried
out on the behavior of cross-braced angle diagonals, little experimental
investigation was carried out on the behavior of cross-braced solid round
members. CSA-S37-94 “Antennas, Towers and Antenna-Supporting Structures”
(CSA 1994) doesn't give specific effective length factors for solid rounds. It only
gives 0.75 for the cross-braced angle diagonals, and notes that for the cross-
braced solid round diagonals, the philosophy is the same as that of angles.
Based on the preliminary results of investigation carried out at the University of
Windsor (Jaboo 1998), the effective length was found to be less than 0.5 of the
diagonal length. There is a need to confirm this result by carrying out tests on
additional specimens fabricated by different manufacturers.

1.3 Objectives of Present Research

The objectives of this investigation are:

e To study the failure patterns of cross-braced and of single-braced solid round
diagonals for welded towers.

o To determine effective length factors of type IIl cross-braced and of single-
braced solid round diagonals for welded towers.



CHAPTER 2

LITERATURE REVIEW



2.1 General

The use of solid round columns dates back many centuries. The materials used
varied from stone, wood, concrete, and metals. Steel has been widely used in
many structural elements. Solid round steel bars have been used in constructing
trusses, frames, and towers. In lattice towers, solid rounds are used for legs,
horizontals, and bracing diagonals. Single and cross-braced diagonals are
frequently used in such structures.

A large amount of literature is available, theoretical and experimental, about the
design of cross-bracings, but most of the work carried out was on angles and flat
bars. Very little literature is available on cross-bracings made of solid round bars,
although this type of section is quite common for antenna towers.

Structural member buckling capacities are dependent upon the mode of buckling.

For axisymmetrical solid round cross sections, the mode of buckling is flexural
buckling.

2.2 Flexural Buckling Theory and Experimental Investigation

2.2.1 Euler Formula

Stability of columns has been one of the most widely known aspects of structural
engineering. Research with regard to a solution to column problem dates back to
many centuries. One of the most important contributions to the problem was
made by Euler (1759) who established a formula for the buckling of columns in
analyzing the elastic stability of many engineering structures. Euler's formula is
as follows:

(2.1)



where, E is the modulus of elasticity, A is the area of the cross-section, K is the
effective length factor, L is the length of the column, and r is the radius of
gyration. Euler's load, C,, is the critical load at which a slender elastic column
can be held in a bent configuration under axial load alone. The formula is valid
only when the stress does not go beyond the elastic limit of the material.

2.2.2 Tangent Modulus Theory

Due to lack of knowledge as to relationship between stress, strain, curvature, and
bending moment beyond the elastic range, progress beyond Euler's early
statements concerning inelastic behavior remained dormant for many years. in
1889, Engesser proposed that the Euler's formula be extended to include the
inelastic range by introducing a variable quantity Er which is called the tangent
modulus, instead of the constant modulus E. Thus for a hinged-end column, the
buckling formula should be changed to tangent modulus formula:

7 *E . A
C. = r
d (KL )’
r

where, Er is the slope of the tangent to stress-strain curve corresponding to the

(2.2)

the stress at failure, KL/t is the effective slenderness ratio of the member, and Cr
is the critical tangent modulus load.

2.2.3 Reduced Modulus Theory

independent of Engesser, Considere in 1889 conducted a series of 32 column
tests and suggested that if buckling occurred above the proportional limit, the
elastic modulus, E, should be replaced in Euler's formula by the effective
modulus E.r. He stated that the effective moduilus should be somewhere
between E and E;. Jasinsky (1889) brought Considere’s work to the attention of



Engesser, who revised his theory by introducing two different moduli for the two
parts, convex and concave sides of the buckled shape of the cross-section.

In 1910 Karman derived explicit expressions for the reduced modulus for both
rectangular and idealized H-section columns. The formula for critical reduced
modulus stress in a pinned-end column is the same as equation (2.2) except that
Er (tangent modulus) is replaced by E; (reduced modulus), where

E, = f(E;,E) 23)

2.2.4 Effect of Residual Stress and Initial Out-of-Straightness

The need for information on the strength of solid round compression members
became necessary from the increased use of these bars in communication
towers. For this reason, an extensive program of experimental and analytical
work was initiated in 1954 at Lehigh University, Bethiehem, Pennsylvania.
Beedle, Galambos, and Tall (Beedle et al. 1961) studied the effect of heat-
treatment and cold bending on the residual stresses and column strength. Effects
of initial out-of-straightness were also illustrated. It was stated that for solid round
bars, the residual stress distribution is triaxial, i.e. there are longitudinal,
tangential and radial residual stresses. Different final heat treatment methods like
quenching, air cooling, and stress relieving were considered in the study. It was
found that of the three types of heat treatment, quenching leads to high residual
stresses while the other two methods reduce the stresses considerably. It was
also shown that columns with initial out-of-straightness have lower strength than
straight columns. Fujta and Driscoll (1962) presented results of the
aforementioned experimental investigation on the strength of axially and
eccentrically loaded solid round columns of 69.9 mm (2-3/4 in.) diameter.
Comparison with a theory based on “the tangent moduius” concept for axially
loaded columns showed that the strength of solid round columns may be
predicted adequately. Galambos (1965) presented the research on the strength



of solid rounds carried out between 1954 and 1965 at Lehigh University.
Recommendations for the design of axially loaded steel columns were presented
based on the research program. It was stated that both residual stresses and
initial crookedness have a significant influence on the strength of round columns
in the inelastic region. Galambos’ paper was discussed by Williamson and
Johnston (1965).

2.2.5 Flexural Buckling - Experimental Investigation

Experimental investigations on columns date back to the first half of the
eighteenth century. A practical investigation of the phenomenon of lateral
buckling was first undertaken by Mussghenbrock (Timoshenko 1953). As a result
of this research, it was stated that the buckling load was inversely proportional to
the square of the length of the strut. During the closing years of the eighteenth
century, a series of investigations with wooden struts were made.

Hodgkinson in 1840 (Timoshenko 1953) tested specimens of cast iron.
Cylindrical, solid and hollow specimens with rounded and flat ends were tested.
For slender, solid struts, good agreement was found with Euler's formula. At the
end of the nineteenth century, more experiments on buckling of columns were
conducted by Bauschinger, Tetmaijer, and Considere (Timoshenko 1953).

Several researchers studied the column buckling criteria in the first half of this
century and found that the results showed column failure at tangent modulus
loads. Templin and others (Templin et al. 1938) also discovered that practical
tests on columns yielded capacities that were closer to tangent modulus theory
than to the seemingly more refined reduced modulus theory.

As discussed earlier, the primary research on the strength of solid rounds was
carried out between 1954 and 1965 at Lehigh University. The tests were
performed primarily on stress relieved constructional alloy steel bars. Twenty-



seven bars, some with 69.9 mm (2-3/4 in) diameter and others with 190.5 mm (7-
1/2 in) diameter were tested to failure as axially loaded columns. In the main
phase of the research program, the effect of residual stresses and initial
crookedness on the strength of the axially loaded columns was investigated. To
the best of author's knowledge, no major research work in this area was
undertaken after this time.

2.3 Buckling Theory and Experimental Investigation of Bracing

Bracings are widely used in many structures. Bracings in wooden bridge trusses
and roof trusses were used by the Romans. The first metal trusses in England
were built in 1845 (Timoshenko 1953).

The first experiments on lattice girders, treated as cantilevers, were made in
1857 by Lohse (Todhunter 1960). Single, double, triple, and fourfold types of
bracings were used. The bars were riveted to each other. The loads at which the
bracing buckled were noted. It is noteworthy that in several cases the bracing
bars failed elastically into an approximate S-form, a resuit which the researchers
at the time did not take into account in their theoretical analysis. From these
experiments, a great increase of strength, due to muitiple bracing and to the
riveting together of the bracing bars, was noticed.

Wohier in 1855 (Todhunter 1960) deduced that the stresses in the bracing bars
of a girder from purely statistical consideration. De clercq in 1857 and Winkler in
1859 theoretically analyzed lattice girders and the stresses in the bracing bars
(Todhunter 1960).

For cross-braced or tension-compression diagonals, Jasinsky was the first to
investigate the stability of the compressed diagonals and to evaluate the
strengthening afforded by the diagonals in tension in lattice trusses (Timoshenko
19853).



Dewolf and Pelliccione (1979) reported that the design practice for cross- braced
members adopted at that time, which entirely neglected the contribution of the
compression member and relied solely on the tension member, was conservative
and would result in overdesign. Eight sets of cross-bracings, using flat bars with
rectangular cross section, were tested to failure. A square frame was used with
connections at each corner of the frame designed to allow all members to rotate
in the plane of the frame and for the two diagonals to rotate out of the plane.
Strain gauges were placed in pairs on opposite sides of the members on the
faces parallel to the plane of the frame. From the tests in that investigation, it was
observed that using the design practice, which neglects the contribution of
compression members, predicted frame load ranged from 40% to 78% of the
failure load. The critical load of the compression member about its in-plane axis
is related to the force in the tension member that braces it at the center, and
when the two members are made of the same material, the tension member is
equivalent to an unyielding support. Thus the compressior: member buckles into
a full sine wave, S-shape, at a load equal to four times that without any center
bracing. The stifiness, o, furmished by the tension member acting on
compression member in the out-of-plane direction was given as follows:

5 38El e
I (3(u-tanhy) @4)
where L represents the total length of the diagonal, and

L |T

—_— (2.5)
2 VEI

in which T is the force in tension member.
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It was also stated that following buckiing of the compression member, its load
decreased and the load in the tension member then increased with an overall
increase in frame load. Predicted frame loads, based on the critical load in the
compression member determined by using the tension member as a brace, were
within 10% of the test load for compression members with low slenderness ratios
and on the conservative side for those with higher ratios.

A theoretical investigation was made by Vickers (1982) into the behavior and
design of cross-bracing. His discussion emphasized the use of cruciform (star
shaped) double angle struts for bracing members. The extent of lateral support
provided to the compression diagonal by the tension diagonal at their point of
intersection was analyzed. From his study, it was concluded that the design
concept of shared load between tension and compression members with the
compression member designed using effective length equal to half the total
length of the diagonals is more realistic than “tension only” bracing design.

El-Tayem and Goel (1986) studied experimentally and theoretically full-scale
cross-bracing specimens. Five single-angle cross-braced specimens and one
double-angle cross-braced specimen were included in the study. Quasi-static
cyclic loading was used in the tests and strain gauges were attached to measure
the loads. It was noted that the interconnection provided an elastic restraint
against both lateral and rotational deformations of the compression diagonal at
the point of intersection. it was concluded that for cross-braced systems made
from single equal-leg angles, an effective length of 0.85 times the half diagonal
length is reasonable.

Picard and Beaulieu (1987) did a theoretical study aimed at the determination of
the transverse stiffness offered by the tension diagonal in cross-braced systems
and at the evaluation of this stiffness on the out-of-plane buckling resistance of
the compression diagonal. When the diagonals were continuous and attached at
the intersection, it was concluded that the effective length of the compression

11



diagonal is 0.5 times the total diagonal length. A simpler form of equation was
given by the writers for the stiffness, «, provided by the tension diagonal,
assuming the two diagonals to be equal in length and to have the same cross-
sectional area:

48 EI T
+ 4.36 —
IE I (2.6)

where, L is the total length of the diagonal, and T is the force in tension diagonal.
They also suggested that the effective length factor, K, for calculating the
buckling load of the compression diagonal to be as follows:

K = \/0.523 _0.428 2 0.5 2.7)
C/T

where C and T are the forces, just before buckling, in the compression and the
tension diagonals respectively.

Picard and Beaulieu (1988) performed two series of tests to demonstrate the
validity of their theoretical study. Seven transverse stiffness tests and fifteen
buckling tests were performed on flat bars and the results verified the validity of
the equations presented by them.

The theoretical analysis carried out in 1987 by the same authors was generalized
in 1989 (Picard and Beaulieu 1989), which gives the following the effective length
factor for cross bracings:

Kk - |1-03818 (C/T) 2.8)
1+0911(7,/1,)

where, C/T is the ratio of the force in compression member just before buckling
to the force in tension diagonal, and I/ is the ratic of moment of inertia of the

12



tension diagonal to the moment of inertia of the compression diagonal. This
theoretical study was also verified by fifteen buckling tests carried out in 1988
(Picard and Beaulieu 1988).

Kemp and Behncke (1998) described a series of tests on cross-braced systems
with slenderness ratios in the range of 102 to 160. Other variables included the
inclination of the main legs and bracing, the number of bolts in each end
connection, and the size of the main leg relative to the bracing. The measured
behaviour was compared with the results of a flexibility-based analysis and the
formulas from the American and European Transmission Tower Design manuals.
The results confirmed the complexity of the behavior of cross-bracing in latticed
towers. Strain measurements showed that yielding of the extreme fiber of the
strut in the central region of the largest sub-span is the primary cause of failure.
The effect of the end eccentricity was partially alleviated by the restraint provided
by the main legs to the ends of the compression diagonal. Consequently the
ultimate strength in the tests was increased up to 17% by changing the number
of bolts at the end connection from one to two. A smaller but nevertheless
significant, 10%, benefit was obtained by increasing the size ratio of the main leg
relative to the bracing.

Jaboo (1998) conducted an experimental investigation on 8 single-braced and 18
cross-braced towers to determine effective length factors for solid round
members. He found effective length factor, K = 0.525 for single-braced solid
round diagonal, K=0.429 and 0.365 for type I and type I cross-braced solid
round members, respectively.

2.4 Cross-Bracing as a Continuous Beam on Elastic Support
Connections in trusses and frames are treated in many different ways, but the

traditional assumption of considering these connections to be perfectly hinged
joints in an idealized frame made the design of such frames or trusses simpier.
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In cross-braced diagonals, the tension diagonal acts as an elastic spring at the
point of intersection with the compression diagonal. Thus the compression
diagonal could be assumed as a continuous bar simply supported at the ends
and having an intermediate elastic support.

Timoshenko and Gere (1961) discussed such a problem. A case where the
intermediate elastic support is at the middle and the axial force does not change
within the two halves of the member was explained. It was shown that if the
stiffness of the elastic support, o, approaches infinity, the deflected shape of a
bar on three hinged supports will be a full-sine wave, and the critical load, Cq;, for
the compression member will be:

_ rm K4
i ( 0.5L ) :
r
And when a approaches zero assuming the intermediate support to be absolutely

flexible, the shape of the deflection curve of the buckled bar will be as half sine
wave, and the critical load, C,,, will be:

(2.9)

2
c,=c,=2H_ (2.10)
(L_)
r

The limiting value of the stiffness of the elastic support, at which the full sine
wave shape of the buckled bar occurs, is given as below:

_ 16 z *EI

& im x @1)
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For values of a smaller than am, the flexibility of the intermediate support should
be considered, and it is shown that the relation between the elastic critical load
Ccr and the stiffness of the elastic support « is:

C =C. + 31? < 4C 2.12)

cr e e

It has to be mentioned that the assumption of hinged joints does not represent
correctly all the types of connections in trusses or frames as the rotational
restraint exists in cases where the joints are welded or even bolted. But because
of the complexity associated, especially with the degree of rotational constraint
provided by different types of connections, it is always preferable to assume a
hinged end condition which is a conservative assumption.

2.5 Design Specifications for Cross-Bracings Based on CSA-S37-94 and AISC-
LRFD

2.5.1 CSA-S37-94 Standard

CSA-S37-94 is the Canadian Standard for communication towers. The maximum
slenderness ratio for bracing members is limited to 200 as stated in Clause
6.1.5.2 of CSA-S37.

For the computation of compressive strength of solid rounds as single bracing in
towers, Clause 6.2.2.1 of the Standard states:

“The unbraced length, La of compression members other than leg
members, shall be the distance along the axis of the member to which it is
attached. For simple web bracing systems, with web member connected
directly or by gussets to the leg member, the slendemess ratio is La/r,
where, La is the length of the diagonal, and r is the radius of gyration.”

15



As for cross bracing, Clause 6.2.2.2 of the Standard states:

“For tension-compression web systems the diagonals shall be connected
where they intersect and the lengths of the compression member (Ly and
L2 in Figure 2.5.1) shall be the distances from the intersection of the two
diagonal members to the center of the leg members at the ends of the
compression member.”

The effective slenderness ratio of the compression member is KL/r, where
KL =L1+0.5L2 (L1 larger than L2), and r = radius of gyration.

Figure 2.5.1 Tension-Compression Web System

After determining the slenderness ratio of the member, the nondimensional
slenderess parameter, A, is calculated as:

12 KL, /EFyz (2.13)
r ¥4

This nondimensional slendemess parameter, , is used in computing factored
compressive resistance C, of the member:

C = dAFy(l + 2" )—% (2.14)
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where
¢ resistance factor for compression

A cross-sectional area of the member
Fy yield stress

A nondimensional slenderness parameter
n=1.34

2.5.2 AISC-LRFD Specifications

Formula given by above specifications is as follows:

F
For
A <1.5,
il
F, =(0.685 %, (2.16)
A >1.5,
0.877
F, ={ PR }F,, (2.17)
where

Fy = specified yield stress
E = modulus of elasticity
K = effective length factor
L = unbraced length of member

r = governing radius of gyration about plane of buckling
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CHAPTER 3

EXPERIMENTAL INVESTIGATION
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3.1 General

For this investigation, tests were conducted on thirty-three specimens that were
fabricated by three different American tower manufactures. Fifteen of the
specimens were six-panel cross-braced towers with seven of the specimens
having horizontals and the others no horizontals. Sixteen of the specimens were
eight-panel cross-braced towers with half of the specimens having horizontals
and the other half no horizontals. Finally, the last two specimens were six-panel
single-braced towers with flat horizontals. Three sizes of legs (38.1 mm, 50.8
mm, 69.9 mm diameter), three sizes of diagonals (12.7 mm, 14.3 mm, 15.9 mm
diameter) and one size of horizontal (19.1 mm diameter) were used for the six-
panel towers. Similarly, the eight-panel towers were fabricated with three sizes of
legs (38.1 mm, 50.8 mm, 57.2 mm diameter) and three sizes of diagonals (15.9
mm, 19.1 mm, 22.2 mm diameter). Two sizes of diagonals (28.6 mm, 22.2 mm
diameter) and two sizes of legs ( 50.8 mm and 76.2 mm diameter) were used for
the two single-braced specimens.

3.2 Details of Specimens

3.2.1 Cross-Braced Specimens

Fifteen six-panel specimens and sixteen eight-panel specimens are included in
the investigation. They all have a 914.4 mm triangular section with all legs,
horizontals (where present), and diagonal members connected together by
welding. The six-panel specimens have a total length of 4572 mm (one panel of
762 mm) with the diagonals continuously-bent and welded at the leg junction.
The eight-panel specimens have a total length of 5690 mm (one panel length of
711 mm) with the diagonals cut and welded at the leg junction. Each pair of
cross-braced diagonals is welded together at their junction. The details of the
specimens are shown in Tables 3.2.1a and b and Figures 3.2.1a and b.
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3.2.2 Single-Braced Specimens

Two six-panel single-braced specimens were tested in the investigation. They
also have a triangular cross-section with all legs, horizontals and diagonal
members welded together. The specimens have a total length of 6096 mm (one
panel length of 1016 mm). The details of the specimens are given in Table 3.2.2
and Figure 3.2.2.

3.3 Test Set-up

3.3.1 Specimen Set-up

The tests of specimens were carried out in the Structural Laboratory, University
of Windsor, with the specimens tested as horizontal simply supported beams,
loaded with a central concentrated load which was provided by a hydraulic jack
attached to the steel test frame. A laboratory crane was used to set up the test
specimens in proper position. i.e. the specimens were seated on the two end
supports with the middie of the specimen just under the load jack.

3.3.2 Reinforcement of Compression Diagonals

All compression diagonals in panels, other than the one under investigation, were
reinforced with four U-bolted angles to make sure that the diagonals of interest
would buckle. Details of specimen reinforcement are given in Figures 3.3.2a
and b.

3.3.3 Strain Gauges

Electric resistance strain gauges, fabricated by KYOWA, JAPAN, type KFG-5-

120-c1-11, with a gauge length of 5 mm and a gauge factor of 2.12 were used to
measure the strain in the members of the test pane! of the specimen.
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The strain gauges were fixed to individual members of the test specimen at the
proper position after the surface was properly polished, cleaned with chemicals,
and dried with Q-tips.

Based on previous experience of buckling of diagonal members, all the strain
gauges were located at one-third the diagonal length, measured from the leg. For
the first specimen, each panel was tested with 18 strain gauges to determine the
force distribution in the diagonals and legs of the specimen whereas 14 strain
gauges are used for each panel of the second specimen. For all other
specimens, only the one pre-selected failure panel was tested with 16, 24 or 32
strain gauges fixed on both the compressive and tensile diagonals (strain gauges
were put on legs for a few cases). Details of strain gauge location and
numbering for each specimen are shown in Appendix A (Strain gauge location on
specimens).

3.3.4 Data-Acquisition System

Readings of load cell and strain gauges were recorded automatically in the
hardware of the computer as a text file with Datascan data acquisition system.
The load cell and strain gauges were connected to the Datascan channels twelve
hours after the strain gauges were fixed to the specimens. Microsoft Word and
Excel programs were used to transfer the text file into Excel table for the
convenience of data output and axial force calculations.

3.3.5 Load Application

The load was applied with a mechanical pump through a hydraulic jack attached
to the beam of the steel test frame. Previously calibrated 445 kN (100 kip) and
890 kN (200 kip) load cells were used to measure the applied load. Details of
load application are shown in Figures 3.3.5a and b.
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Figure 3.3.5a: Photograph of Test Set-up
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Before starting the test, a Tinius Olsen Universal Testing Machine and a strain
indicator were used to calibrate the load celis. Calibration data and curves are
shown in Tables 3.3.5a and b and Figures 3.3.5¢ and d.

In order to get an accurate value of the axial forces based on the readings of
strain gauges, care was taken in positioning the strain gauges to ensure that they
are diametrically opposite.

3.4 Experimental Results
3.4.1 Structural Response

With the application of a central concentrated load, the axial forces and bending
moments in the tested diagonals increase until the tested diagonals buckled.
During the tests, the buckled diagonals and their buckling sequences were noted
and are presented in Table 4.1.1. The load increments towards the end were
kept small by monitoring the maximum strain readings of the test diagonals. The
strain readings and axial forces are shown in Appendix B (Load-Strain Data and
Axial Forces).

3.4.2 Material Properties

A total of 132 diagonal tensile specimens were cut from the compression
diagonals (four tensile specimens for each tower), and tested in the Tinius Olsen
Universal Testing Machine. The yield load and maximum failure load were
obtained and the yield stress and tensile strength for each specimen were
determined. The values of yield stress and tensile strength for each tower are
given in Tables 3.4.2a, b and c.
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CHAPTER 4

ANALYSIS OF RESULTS
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4.1 Failure Pattern of Tower Members
4.1.1 Cross-Braced Specimens

Thirty-one cross-braced specimens were tested in this investigation; fifteen of the
specimens were with horizontals while the others were without horizontals. For
the specimens with horizontals, the left-most panel was tested with all other
panels reinforced and it was observed that the tested compression diagonals had
buckled out-of-plane with an almost S-shape or an unsymmetrical S-shape. For
the specimens without horizontals, left middle panel was strain-gauged while all
other panels were reinforced. The tested diagonals had buckled with one half-
sine wave failure shape due to very small tensile force in the tensile diagonals.
(The failure pattern of all the compression diagonals are given in Table 4.1.1).

4.1. 2 Single-Braced Specimens

Two single-braced towers 31SRB and 33SRC were tested during the
investigation. For tower 31SRB, the top leg of right middle panel buckled first due
to the small leg-diagonal size ratio and no diagonals buckled. For tower 33SRC
with a large leg-diagonal size ratio, two of the tested diagonals buckled out-of-
plane almost at the same time with a one half sine wave shape.

4.2 Caiculation of Axial Forces in Tested Members

The finite strip method was used to determine the axial forces, assuming a linear
variation of strain across the cross-section. The cross-section of each tested
member was divided into 1000 strips, and the axial force in each strip was
determined from the strain in the strip.
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Figure 4.2.1. Diagram of Axial Force Calculation from Strains

The detailed calculation procedure is as follows:
Case 1. Strains at Top and Bottom are of Opposite Sign (Fig. 4.2.1)

The distance Y, measured from the center of slice to centroidal axis of the cross-
section is:

Ym=§-(m-l)dy-£2}i 4.1)

where dy=D/1000, and m=1 to 1000 (from top to bottom)

The width of slice “m” is given by

5. =2(&Y -(.) “2

i3



The depth of neutral axis X measured from the strain € is calculated as:

X = IE.ID

_ (4.3)
e+ e . |

The strain €x in the center of slice “m” is given by

£, = 8_'[}',, -(2- X)] (4.4)
X 2

The stress for slice “m” is calculated according to Hooke's law:

o, =¢ F (4.5)

m m

The actual force in slice “m” is

If Om<Fy then Fn=0Om Bmdy (4.6)

f Om>Fy then Fn= F, Bmdy 4.7)

The axial force in the total cross-section of the member is the sum of all the slice
forces:

F=YF, (4.8)

Case 2: Strains at the Top and Bottom are of Same Sign (Figure 4.2.2)

39



e

Ym €m
Centroidal Axis \
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-

Figure 4.2.2. Diagram of Axial Force Calculation from Strains

The distance Y, measured from the center of slice to centroidal axis of the cross-
section is:

D dy
Y == —(m-1dy-Z 4.9

where  dy =D/1000, and m=1 to 1000 (from top to bottom)

The width of slice “m” is given by

B, =2/@F -(r, (.10

The strain €m in the center of slice “m” is given by

e = D(¢, +¢&,)-2Y,(5,-¢) 4.11)
" 2D




The stress for slice “m” is calculated according to Hooke's law:

o, =¢ E (4.12)

m m

The actual force in slice “m” is

if Om<Fy then Fm= Om Bm dy (4.13)

If Om>Fy then Fn= F, Bm dy (4.14)

The axial force in the total cross-section of the member is the sum of all the slice
forces:

F = Z F, (4.15)

4.3 Specimen Equilibrium Check

Accuracy of the axial forces based on the strain readings was verified with the
tower’s equilibrium check. In this investigation, a vertical equilibrium check was
conducted on one tower (S5C) by calculating the axial forces and shears in the
tension and compression diagonals and the shear forces in the three legs at one
cross-section. The location of strain gauges are given in Appendix A. The
equilibrium was checked as shown below:

Specimen S5C equilibrium check (applied load level 106 kN):

1) Diagram for strain gauge location (front-view)
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2) Shear forces in three legs (from Table S5C of Appendix B)

Q

10272
463 mm

(;lL QI = (3352.6+1027.2)/463 = 9.46 kN

Topleg 33576

Q1
Q2
‘ 649.1
463 mm
b q Q2 =(649.1+388.1/463 = 2.24 kN
388.1 Front t
bottom leg 02
Q3
459.2
V 463 mm
\/ ’A Q3 =(459.2+368.1/463 = 1.79 kN
368.1 Rear

bottom leg Q3

Qieg = Q1+Q2+Q3 = 9.46-2.24-1.79 = 5.43 kN

3) Vertical component of axial forces in diagonals (from Table S5C of
Appendix B)
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\ / 30.2kN \ ’/ 27.2kN

A Front face L WY V4 Rear face A WY

Qaiagonal = (30.2+6.9+27.2+7.8)*sin (41.71% = 47.97 kN

4) Vertical component of shear forces in diagonals (ignored)
5) Total shear force in the cross-section

Quotai = Qieg + Qeiagona = 5.43+47.97= 53.40 kN
6) Support reaction

R = Load Levell2 = 106.0/2 = 53.0 kN
7) Error

Error = (Quota -R)/R = (53.4-53.0)/53.0 = 0.75%.

44 Determination of Experimental Buckliing Loads and Effective Length
Factors
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The buckled diagonals were noted during each tower test. The maximum axial
force that occurred in the tested diagonal was taken as the buckling load. Only
for specimen S5A, there was a large variation in the buckling loads of the front
and rear diagonals (38.9 kN and 21.6 kN). This is probably due to the possibility
of the strain gauges not being located diametrically opposite to each other on
one of the diagonals. In this investigation, a total of 44 buckling loads were used
and the corresponding effective length factors based on CSA-S37-94 Standard
and AISC-LRFD Specifications were calculated, The details of the buckling loads
and effective length factors are shown in Tables 4.4a to 4.49.

The leg member of specimen 31SRB failed before any diagonal failed. The
maximum axial compressive force recorded in the diagonals was 51.6 kN. This
corresponds to an effective length factor of 0.64 according to CSA-S37-94 and
0.71 according to AISC-LRFD. Though it is not possible to determine the actual
effective length factors of diagonal members based on this test, it can be stated
that they will be less than the above values.

4.5 Effect of Axial Forces in Tension Diagonals on Effective Length Factors

Examining Tables 4.4a to 4.4f, it can be seen that although the ratio of forces in

the compression diagonal and tension diagonal varied significantly, the effective
length factors varied from a minimum of 0.296 to a maximum of 0.403. There is
no definite relationship between the force in the tension diagonal and the
resistance of the compression diagonal. The tension diagonals of the middle
panels of specimens with no horizontals carried very little tensile forces. Still they
were able to provide the necessary support to the compression diagonal. It can
therefore be stated that even a small tensile force is able to provide the
necessary support to the compression diagonal.
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CHAPTER 5

CONCLUSIONS

AND

RECOMMENDATIONS
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5.1 Conclusions

The following conclusions are based on this experimental investigation:

The distribution of forces in compression and tension diagonals and the force
distribuiion in top half and bottom half of the compression or tension diagonals
are not the same. No definite conclusions about the force distribution can be
drawn.

o For identical specimens of each type, the compression diagonals for the
same panel would not have the same buckling load due to minor fabrication
differences.

 Diagonals in the end panels of specimens with horizontals at mid-span buckle
suddenly at a high load, while the specimens without horizontals at mid-span
would buckle at the middle panels at a much smaller load.

¢ Specimens with small leg-diagonal size ratio buckle due to the buckling of top
leg, not due to the buckling of compression diagonals in any panel.

o For cross-braced specimens without horizontals, the tested compression
diagonals buckle out-of-plane inside or outside with one almost half-sine
wave due to the small axial force in the tension diagonals. On the other hand,
for cross-braced specimens with horizontals, the tested compression
diagonals buckle out-of-plane inside or outside with a symmetrical S-shape or
an unsymmetrical S-shape due to the large force in the tension diagonals. For
single-braced specimens, the compression diagonals buckle out-of-plane with
one half-sine wave.

¢ The axial forces in the tension diagonals don't have a big effect on effective
length factors for cross-braced compression diagonals.
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o The average effective length factor for single-braced diagonals is 0.50. The
effective length factor for cross-braced diagonals is 0.35, as compared to an
effective length factor of 0.75 as given by CSA-S37-94 that is much too
conservative.

5.2 Recommendation for Further Research

* To know the distribution of forces in the members, tests should be carried out
on towers with loads applied at each panel point (instead of one load at mid-
span of top chord as in the current investigation) to simulate the actual
distributed wind load.

o Tests should be carried to study the effect of fabrication differences on the
effective length factor.
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