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NOTATION

The following symbols are used tn this paper:
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cross-sectional atea of member;

Fourier coefficient;

slope angle;

Young's modulus;

bending stiffness;

tension force in cable

height of pier;

cross-sectional moiment of inertia;

stiffness of bridge without tower,

stiffness of tower alone;

stiffness of caisson at head,

span of bridge beam K

end moment, bending memcent,

concentrated live load;

intensity of uniformally distributed live load;
resultant of horizontal components of cable forces;
displacemcnts ol caissom;

girder deflection;

deflection of tower at point of attachment of cable i
angle of rotation of caisson head; and

slope angle of cable i.
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BEHAVIOR OF MONOTUBE HIGHWAY
S1GN SUPPORT STRUCTURES

By Mohammad R. Fhsani,’ Member, ASCE, and Reidar Bjorhovde,®
Fellow, ASCE

ABsTRACT: The design of hiphway sign SQpport stmuclares is governed by the
AASHTQ Specifications which it the dead load deflection of the beam 1o a4’/
4001, where o is the depth of the traffic sign in feet. In many cases. the more
slengier monotube sign support structures, which have become more popular in
recent years, can nul satisfy this deflection criterion, The results of a parametric
study of monotube highway sign support slruciures are presented i this paper.
Simuctures with various culumn and beam stiffncsses, spans, sred and location of
traffic signs were analyzed for static and dynamic {wind] loads. Voriex shedding
is a prime consideration for such structurcs; this was accounted for in the dynamic
awnalysis. 1L was found \hat stress levels are well below the allowahle values. al-
though the defleciions exceeded the AASHTO criterivn by sipnificant mmargins, It
was also concluded that for fypival structeres. resonance was nol a likely vccur
mence. Recommendations are made for the analysis and design ptocedures,

INTRODUCTION

The devclopment of the natiopwide interstate highway system prompled
considerable attention to be given to the safety of the roads and their related
traffic systems. Thus, improvements were made in the form of roadway
alignment, bridge design, and placement of traffic signs. to mention some
of the arcas. The latter has become a significant construction industry over
the years, and it is estimated that the annual national expenditare on man-
ufacturing and maintenance of signs and sign support structures 1% approx-
imately 250 million deliars.

The design of highway sign support struciures is governed by a specifi-
cation issued by the American Association for State Highway and Trans-
portation Officials (AASHTO 1975). The primary requireinent limits the dead
load deflection of the beam (for sign bridge) to:

dz
AIJL T L IR IR I B (I)

where Ay, = dead load deflection tin feet)., and d = vertical dimension
{depth of the traffic sign|s] mn feet). Although the detailed origins of the
above requirement are difficult to confirm, it is believed that the criterion
was established to limit or climinate the possibility of the structure devel-
oping resonance due to the vortex shedding of the sign panels in high speed
winds (Pelkey 1971; Ehsani and Bjorhovde 1986). While 1f appears that this
deflection criterion has tended 1o produce very conservative designs, it 18
also noted that the structercs have performed satisfactonily over the years,
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and no failures of such structures due to resonance have been reported.

The higher cost of construction and maintenance, along with difficultics
in the dismantling and re-erection of mruss type structures have contributed
1o the increasing usage of monotube pipe frame and monotube span-type
structures. The latter has been well received in the United States and Canada,
dug to construction economies and attractive appearance. Due ic the flexi-
bility of monotube structures, it is very difficult to produce designs that sat-
isfy the AASHTO delfection criterion. This has been a major cause for con-
cern among wsers and designers, although it is recognized that the design
criteria were originally developed for different kinds of structures,

The study reported here was undertaken to investigate the validity of the
d* /400 criterion as a design limit in general, and its applicability to the
design of monotube sign support structures m particular. A detailed evalu-
ation of the former has been presented elsewhere (Ebsani and Bjorhovde
1986). Together with a full-scale ficld testing program (Martin ct al. 1987),
the work that is presented here covers the analytical aspects of the behavior
of monotube structures. It is expected that the reader js tamiliar with the
two earlier publicanons.

DEsSCRIPTION OF MONOTUBE STRUCTURE

The basic structure used for this study is identical to cne that is owned
by the Arizona Department of Transportation and located within the city of
Phoenix, Arizona. The overall dimensions of the structure are shown in Fig.
1, and a detatied description is given in Ehsani et al., 1985.

The columns are approximately 21 ft long. and are linearly tapered circular
single {(mono) tubes, with external diameters varying from 15 in. at the base
to 12 in. at the top. The beam is 100 ft long, and is spliced by means of
bolicd flanges approximately at the third points. The outside diameter of the
bearn is 18 in. at the mid-span and 11.1 in_ at the ends. The wall thickness
of the twbes for the columns and the beam is a constant (1. 18% in.

The beam-to-colurnn connection is shown in Fig. 2. The connection pro-
vides some morment resistance in the plane of the structure and essentially
zero restraint in the out-of-plane direction. The column base plate is attached
to the foundation with four 1-3/4 in. diameter anchor bolts, and therefore
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FIG. 1. Dimenslons of 100 #t {Base Model] Structure
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FIG. 2. Beam-to-Column Connection Datall

may be assumed to be fully fixed for all practical purposes. The sign panels
are attached to the beam using 5/8 in. diameter U-bolts; these encircle the
beam and are bolted into the stiffeners placed on the back of the signs.

Finire ELEMENT MoDEL

The structure shown in Fig. 1 was modeled for analys_is using the com-
puter program GIFTS {Graphics-Oriented Interactive Finite Element Anal-
vsis Time-Sharing System) (Kamel and Nagulpally 1983}). The program con-
sists of a group of fully compatible programs {modules). Each module 1.3
applicable for a specific function, such as stiffness matnx cumpulauog_a_n
assembly, or for a class of operarmns ,hsuch as; loagu:;;;gc :Jcc:iu?;k:gt :::031" ltllll.'lo‘l];

ion. The am can analyze the suuacture ¢
ﬁz;:m:] fon:&spfrgrgl{-!iffcrcnt boundary conditions, The output includes nodal
point stresses and displacements in three-dimensional space.

Each column was modeled as four clements, as shown in Fig. 3, and the
beam consisted of twenty elements, Two additional elements were used 10
model the connection of the columns to the beam, using shprt beams of solid
rectangular section. The cross sectional area and the orientation of these
elements were selected to adequately represent the shear and bending char-

isti the acteal copnection.
acgl;l?(::sle(:rfacm of the structure was assigned three translgti-:_ma! and three
rotational degrees of freedom at each pode. Due to the limitations _of t.h;
computer program, prismatic elements having cross-sectional properties eq:d
1o the average of thos¢ at the ends of the actual tapered sepments were used.
In addition, the lengths of the becam elements were selected such that nodal
points were located where the sign panels were attached to the beam.
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PARAMETRIC STUDY

The behavier of monotube structures depends on such factors as the mem-
ber stiffnesses, the span, and the location and area of the sign panels. In
order to evaluate the effects, eight models were developed in addition to the
basic onc, which already has been described in detail. The selected param-
eters for the models are given in Table 1, and Fig. 4 illustrates the data
further.

Colemn Models 1 and 2 are identical to the Base Model, except that the
moments of inertia for the columns are 50% and 25% larger, respectively.
Similarly, by increasing the moment of inertia of the beams by 50% and
25%, Beam Models 1 and 2 were developed. Because the wind forees acting

TABLE 1. Properiles of Models for Parametric Study

Mavnant of Wall Thickness Outeida Dinmster (in.)
Inertia Span® fin) Base ol | Top of | End of | Midepan
Modael | Cdumn | Beam | (M} | Calumn | Beam | Cowmn | Column | Beam | of Bagm Sign Locatan
Ll 2 (2 [d} 3 (6} 17} (B} 18] (10) {1}

Base 1. Y m OLEE )0 1EE | 1F 00 12.06 LL.Th 1500 |As shown in Fig. 1

Codurrm #1 | 18, I ion | o287 |05 | 1500 1206 | LLL IB.00 | As shownoan Fag |

Column #2 | 125, . 100 0237 0088 | 1500 1o | 11 18.00  [As shown in Fig. |

Beam #1 1 150, LLr DR 0286 150 1206 | 11,11 LB.D0 | As shown in Fig. |

Beam w2 I 1250 | NN | GLBH JU.236 | L5.00 1206 | 1101 LBAW | As shown i Fug. |

Span #1 I. A €0 | 0IRE [0 | LS00 | 1206 | 1100 | 1830 |As shownm Fig. |

Span #1 I fy LH) D188 oL ERR 5.0 ko6 | 1111 %40 | A5 shawn in Fig. |

Sigh #1 i, N 16 [ 0148 [O.LRBY{ L5400 1206 | 11,10 | L1800 |Two 48-fc wide signg
with & 1 1 gap
Testwesn tbem Bt
midspan

Sign #1 I Is 1 0158 |D.188| 15.00 1206 | 11.1] 1800 |One 33-fr wide sign ot
THHISpa0

Wiz 1 im, = 254 mm; 1 ft. = 0.305 m.
*AIl sruonares bad the same beight, cqual o 21 feer.
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FIG. 4. Dimensions of Ditferent Models: (for Member Sizes aee Table 1)

on the structure are a function of the projected arca of the elements, the
increase in the moments of inertia for the column and beam models was
achieved by increasing the thickness of the tube, without changing the out-
side diameter of the section. As discussed later, this resulted in a significant
increase in the static deflection for the two beant models, as would be ex-
pected, since the dead load of sign structures is often the most significant
gravity loading.

The spans of 60 and 120 fi that were chosen for Span Models 1 and 2
are tepresentative of the range of spans commonly used for monotube struc-
tres, The columns of the span models were identical to those of the base
model. However, the beams had matching outside diameters at the ends only.
Keeping the same tapering ratio as the base model, the vutside diameters at
the midspan for Span Models 1 and 2 were calculated as 15.2 in. and 19.4
in., respectively. These dimensions are in agreement with those used for
actual sumcmres of such spans.
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The location and width of the wraffic signs were the parameters of Sign
Madels 1 and 2. These influence both the gravity as well as the wind loads
and their point of application on the structure. Thus, for Sign Model 1, 5
foot deep sign panels were placed over the entire span of the structure, with
a small opening near midspan. For Sign Mode! 2, only the middle one-third
of the span was used to support the signs. It is noted that the dimensions
that were uscd for these structures were chosen so as to produce the most
serious loading conditions possible (Sign Model 1), as weil as a realistic
sign placement alternative with the signs concentrated in a central region of
the span.

Loaping CONDITIONS

All models were analyzed for static and wind-induced dynamic forces.
The static loads arc the dead load (self weight} of the structure, ice load,
and the static equivalent of the wind pressure. The dynamic forces result
from vortices which form alternately on opposite sides of the members of
the structure; the vortices are centered in the plane of the structure as the
wind acts upon it. This is the phencmenon referred to as vortex shedding
(Fung 1955); it will be demonsirated that it constitutes a primary consider-
ation in the analysis and design of highway sign structures.

The dead load of the strecture consists of the self weight of the members,
equally distributed between the two end nodes of cach segnent. The weights
of the sign pancls were also applied as dead loads, specifically, as concen-
trated loads acting at the nodes 10 which the signs were attached. In accor-
dance with the specifications (AASHTO 19753), ice loads of 3 psf over the
prejected area of the siructure and the sign panels were calculated and ap-
plied at the appropriate nodes.

Based on the applicable isotach map, the equivalent static forces for a
wind speed of 70 mph were determiined. This wind speed is suitable for
design in the Tucson, Arizona, area. The wind load comresponds to the wind
blowing in the +z direction {perpendicular to the plane of the structure) of

Fig. 3. The structures were analyzed for the following static load combi-
pations:

Dead load.

Dead load + ice load.

Dead load + wingd load.

Dead load + ice lead + wind load.

B b=

As explained previously. a steady wind blowing against a structural mem-
ber produces vortices which alternate on the two sides of the member in a
plang perpendicular to the wind direction (i.e. in-plane of the sign structare).
The structures were alse analyzed for these wind-induced vibrations. The

frequency of the vortex sheddmg, £2, is determined from the expression {Fung
1955):

where ) = diameter of the cylindrcal member, and V = wind speed. 5 =
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pon-dimensional Strouhal Number which is related to the Reynolds Number,
R. The Revnolds Number for air is given as:

= TBO.5 VD oo et e et e nea e (3}

in which ¥ = wind velogity in miles per hour and D = diameter of the
cylinder in inches. o o

The generally accepted expréssion for the alternating time-dependent vor-
tex shedding force, F(z) is (Mirza et al. 1975)

Firy = % AVIALC, SN QM Lo {4)

in which p = density of air, A, = projected area of the cylinder, Cp =
;‘l::rcc coet?ﬁcient, t i timdn‘:r.}J and thz-, ather variables have been defined pre-
viously. In order to account for the random force amplitude, Weaver (1961}
has eiperimentally determined and recommends the use of the root mean
square value of Cy, denoted by £, as a replax:-'_:mcm for the f(_:-rc_e. cocfficient.
According to Mirza et al. (1975), an approprate value for €, is 1.0 for the
circular cross section of the members in the menatube structures.

The forces calculated from Eq. 4 are valid only for certain ranges of the
Reynolds Number. It is suggested that in determubing the response of an
elastic system with a circular cross section, such as that usem_l m sign support
structures, the forcing function is sinvsoidal with a determninistic frequency
and a random amplitude, but only for Reynolds Numbers between 30? and
3 % 10° (Fung 1955). For Reynolds Numbers greater than 3 X 10°, the
forcing function is sinusoidal, but the frequency and amplitude are both of
random character. o

The state of the art of flow problems of this kind Is SL.ICI.‘ t_ha[ an exuct
analysis of structures can be performed only in the _detcnmmsu:: Tange. Ijnr
the different models examined in this study, the wind speed corresponding
to the upper limit of the deterministic range was between 27 and 29 m[_}h.
Consequently, the strucrures were 1ot analyzc_d for wind speeds excee:ﬂmg
this limit. It is recognized that this is a limitation; however, on the basis of
current knowledge, it appears possible to remove the restriction orlﬂy tMpugh
scale model wind tunnel tests. 1t is noted that the current design criteria
appear to have been based on extrapolations of the deterministic model into
the random range (Ehsani and Bjorhovde 1986}. ‘ _

Eq. 4 was used to calculate the nodal forces for different wind speeds. It
is noted that for the wind blowing along the z axis, the vortex s_heddmg
forces will be in the x-y plane. Such forces will act along the x-axis at the
column nodes and along the y axis at the beam nodes. .

Wind drag forces were not included in the a_n:.a.lysgs, partly because it was
felt that they would not be significant in the direction gcrpenfhcula: o the
plane of the sign structures, when compared 1o the_ static cqulyalcnt of the
wind pressure. Furthermore, the circulat ¢ross section offers little _drag _et‘—
fect. The only areas of the structures wherc drag might !Jc a cnnsml_erunon
would be where the signs are located; however, it was decided not to include
these effects in the analysis due to their relatively small values compam;i 3]
the other load influences. Vortex shedding vibration effects ‘for the signs
themselves were not examined. Although the sign panels will sometimes
vibrate in this fashion, the effects on the tubular members are of torsional
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type, and thus less likely to be significant. However, this w
determined through further studies. ef. this would have to be

StaTic BEHAVIOR OF MONOTUBE STRUCTURES

Base Model

In the following, detailed data are given for the res ]
span base modcl of the sign structure. These consist of uf: r:‘ﬁfe: t{.t.t;]rl:pcil?gmf:
gf displacements (in-plane vertical, in-plane horizontal and out-of-plane hor.-
1zonta_.l) as well as the static stresses that were found for the vanous load
comblqatlons. Further, to focus on the most important points of the structure
deflections and stresses are given for the midspan of the beam (n(;da] poin;
i6), the top of the column {nodal point 27), and the base of the column
{nodal point 31). For the latter only stresses are indicated.

Ta})lcs 2 and 3 give the deflections and bending stresses at the above
locations of the structure for the primary load combinations. It is noted that
oo_lumn axial stresses were negligible in all cases, and are therefors not shown
with th_c stress ;lata. The largest deflection components are the in-planc‘ beam
deflection at midspan (gravity load) and the out-of-plane beam deflection at
midspan (wind load). The latter is based on a wind specd of 70 mph; it is
approx}matcly twice the magnitude of the in-plane component. In tzrr,n-; of
dcﬂc_ctmn-m-span ratioes, these gravity and wind load deﬂecl;ions ar-:na -
proximately 1/180 and 1710, respectively, for the 100 {t span base mudel;

An important observation is made with respect to the magnitude of thl\;.!
static deflection of point 16 compared to the allowable d* /400 limnit, as re-
quired by the current Specification (AASHTO 1975). The signs th;lt were
artached to the structure that has becn used for this study were 5 ft deep.

TABLE 2. Static Deflections for Different Load Combinations (in.)

Load combinations Node point 4 ' W

1] (2) {3 {4 (3}

0 16 —0.065 -4, 556 0.0

o 27 —0.069 —0.003 0.0

+ f 16 —.105 —56.626 0.0

27 ~[0113 {004 0.0
nD+w ég —{3.065 —4, 556 12.090
—0.06% - 0003 1.928
s+ W 16 —0.105 — 6 625 12020
27 —3.113 —{), 004 1.928

TABLE 3. Maximum Bending Stresses (ksi)

o Mid-span of beam At base of colum
Load combination {Mode 18) {Node 31) "
n (2) (3)

D 17
. 55
D+ 4 11.2 g1
0+ W 15.2 17.7
D+ P+ W 17.3 IR .6
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This leads to an allowable maximum deflection of 0.75 in at the midspan
of the beam. This is almost one order of magnitude smaller than the actual
dead load deflection of approximately 4.6 in.

The large out-cf-plane deflection of the beam is primarily due to the char-

acteristics of the beam-to-column connection, which provides very little re-
sistance to bending in this direction. 1t is also noted that this deflection oc-
curs ymder exireme loading combinations which include the effect of 2 wind
of 70 mph. Since the equivalent wind loads and the resulting deflections are
propartional to the square of the wind speed. for a more common speed of
20t mph, the out-of-plans deflection of the beam will be approximately .99
in.
The stress data in Table 3 demonstrate that the absolute maximum of the
atatic stress occurs at the column base for the dead + ice + wind load com-
bination, and is equal to 18.6 ksi. The same load combination gives the
maximum beam stress (at midspan) as 17.3 ksi.

As far as the static bebavior of the structufz is concerned, thesc SIIESSCH
provide ample margins of safety. In particular, it is observed that the steel
that is commonly used in monotube structures has & yield stress of 55 ksi.
Using the AISC Specification (AISC 197%), for example, this gives hasic
allowable stresses for circular prismatic tubular members as:

1. Gravity loads only: Fa; = 0.6F, = 33 ksi.
2. Gravity + Wind loads: Foy = 44 ks1,

and it is scen that the allowable values are well in excess of the actual stresses.
It is therefore obyious that it is not difficult to mect the strengrh Tequirements
of the specifications.

Parametric Studies

As indicated previously, a total of cight additicnal sign structurc models
were devised to study diffcrent influences such as beam stiffness, etc. Details
of the dimensions and other relevant factors for these structures are given
jn Table 1. Only the most important findings are discussed in the following;
detailed data arc contained in Ensani et al. 1G85,

The change in column stiffness had a nepligible effect on the deflections
and (he stresses in the beam. However, the column base stresses were de-
creased in direct proportion 10 the increase in the column moment of inettia,
as expected. For example, the load combination that produced a maXimun
column base stress of 18.6 ksi for the priginal model gives a stress of 12.6
ksi for the stiffest {1.5 Ic) column model.

For the beam models, it is emphasized that the increases in beam stiffness
wete achieved by using larger wall thicknesses of the tubular members. This
was done to maintain the same exposed areas of the members for wind load
considerations, The deagd weight of the beam was conseguently larger for
ihe beam models. As a result, the in-plane deflections increased slightly.
The out-of-plane deflections were reduced in propottion to the increases in
the moments of inertia. The beam stresses were reduced, as expected; the
column basc stresses weres insignificantly affected by the changes in beam
atiffness. Therefore, changing the column or beam stiffpesses (either through
averall dimensions or wall thickness of both) to satisfy the AASHTO de-
flection limit are neither efficient nor cconomical.
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Tuble ! indicates that the span models had spans of 60 and 120 f{. The
smaller one exhibited very low stress and deflection levels, although its dead
load deflection is 0,86 in. still did not satisfy the AASHTO criterion for
structures with 5 ft deep signs. The stresses were far below the allowabie
values.

As expected, the in-plane and out-of-planc deflections of the long span
structure increased signilicantly over the base model. For instance, the in-
planc dead load deflection was approximately 8 in., as compared to abour
4.6 in. for the 100 foot structure. Thus, the AASHTO serviceability re-
guirement? is violated by more than a factor of 10. It is important to observe,
however, that the maximum stress levels are still well below the allowable
values. For example, the maximum bending stress at mid-span of the beam
for the dead + ice + wind load combination was 21 7 ksi: the column base
stress was 19.3 ksi.

The sign models that were devised were intended to represent an extreme
(signs along the entire beam span) and a more representative form of zign
placements (signs covering the middle one third of the span). Omnly the 100
It span structure was used for these analyses. Large deflections were found
for both sign models; in the casc of the extreme sign coverage, very large
out-of-plane deflections were determined. In spite of these conditions, the
maximum stresses were maintained below the allowable values with a 15%
margin. This represents an extreme combination of loads and stryctyral con-

figuration; the actual stresses were significantly more than 15% below the
allowable values for all of the other cases.

DynaMic BeEHawvioR OF MONGTUBE STRUCTURES

The finite element discretization that was used for the static cvaluation
was also utilized to exameine the dynamic behavior of the structures. Fig.
3 shows the finite element model. The mass of the structure is lumped at
the nodal points; in addition, the masses of the waffic signs are lumped at
the nodes where the signs are attached. The masses arc assumed to have
only translational degrees of freedom.

In the analysis it was assumed that the structure had no damping. This is
conservative insofar as the dynamic response is concerned, especially when
the question of structural resonance is addressed,

Free Vibration Analysis

The natural vibration characteristics of a structure are particularly impor-
tant when it is being subjected to dynamic loading. The frequencies of the
loads and those of the bare structure may be such that the actual responsc
ts a magmfication of the natural vibrations. In the most unfavorable case
there is agreement between the loading frequency and that of one or more
of the natural vibration modes, which constitutes resonance.

In theery it is possible to adain resonance, and there are a few recorded
instances of actual structural failures wherc resonance at least played a cer-
tain parl. The celebrated failure of the Tucoma-Narrows Bridge is one such
example; another cuse is that of the wind-induced vibrations known as flut-

ter, that ¢an be encountered in some flight stmictures or others where the
mass-to-stiffness ratio is very low.
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] d lote two- and three-dimensional vibration an_alym_es
hn?es :;i.lnb:asr?i?t:nc;uctopgf the structurc. With a_total ol 3! nndall pnulﬂs in
the frame, the resulting number of degrees of freedom will be w:rg .arge;.t
However, Clough and Penzien (1975) and others have ‘JbSCl"\?ed that for n:do'.
civil enginecring structurcs, only the first few madcs of v1_brat1|:m are pmcs
tically significant. For this reason it was_decl_ded 1o determiine tbe: pap;u;eq
only of the first 10 natural modes of ;ﬂ::rannn of the monotube ;

f the 3D and 2D analysis schemes.
EDTI;?:a?Lfral frequencies for the base model (100 ft spar) ranged ;‘Bom D.;:)SI
cps for the first two-dimensional (20} mf)de of vibration to 44. cpsd'
the tenth 2D mode. For the thrcc-dimcnsmna_} response, 'r.hc COITCS PO 1?g
frequencies were 0.47 and 190.15 cps, respectively. Cem{m 3D-modezd wa.,rfls
dominated by in-plane (212} rcsponses, and_the frcqueqclcs n'f ZdD—m1h C3SD-
through 5 were identicai to the second, tl_nrcl. fifth, eighth ‘dnh ;%1 D
mode frequencies. Thus, the first, fourﬂ_1, sixth, seventh and ninth 3D-mode:

inated by out-of-plane bchavior. ‘
wcﬁei‘;nili]ndings fndicate in part why it was ever]tu;?l]?' demdedl to pm;x:ﬁi
design recommendations based on indcpendent, md!wdua} ana ysc}? n.mic
structure in the in-plane and the out-of-plane ghrccuops. Due to the :th_
gravity loads that act on the structure, along 1.}nth the 3n-plane ror;:x hed-
ding, which is presented in the following section, the in-plane crahmgh on
ditions tend to dictate the strength of the oyeral! stcture. Om the other tami
some of the 3D maodes do cause in-piane vibrations that correspond‘lofna it !
frequencies of the stracture, which could lead to m-p_lar!e relsonafmde_ or ce
tain narrow and sostained ranges of wind speed, This is dm&_:ussef u:n bn;urc
detuil in the following. However, a static out-cf-planc evaluation oh e ( Eaﬁ
member, subjected to wind loads, is also necessary, It hgs been down (b
sani et al. 1985} that this can be accnmp_hshed by 4 snmple: indepen oot
check of the bending stress and the deflection produced by the static cqu
alent of the wind load.

tion Analysis .
F“;Tc:ed d;::;::ic respons’:: of the monotube structures hlas becn q;wr]nln;:d :31:
the full range of deterministic wind specds_. as explained previous 3{ rl'.and
dition (o obtaining the vibration data for wind speeds where ﬂ:f nal urad od
vortex shedding frequencies maich, complete data have been gve oc:lp\? for
a large number of velocities. Some of the results that are prfas.;nldl _u: (he
following ars but an example of what has been done, such as € cd-]?p 1? <
ment-time relationships for certain points in the structure. Similar da ?t a;re
been developed for all velocjties, but only the essence c_mf the re{siu_.l slace_
presented. That is, the relationship between the maximum m-plzn; ;5pmost
ment due to vortex shedding and ;he f:on*cspondlr::gc 1::3[(11‘1 speed is the

% far as design evaluations arc comn -

usikfls]lv.ﬁlfllltﬁ[ saccn in the pregsemation of the results, gchmce had tfl be ma?je
for the length of time that the wind wpuld be blowing at a conTt_.u;t Sp:fhé
A duration of 32 seconds was arbiuanl}r_chusgn as a largemmu (;.1]} ¢ 3 °
longest natural period of the structure. This period is 2. 13‘_ succ‘m‘sci a:lnm]::) -
tains to the first 3D mode. 1t is noted _that a cnnstantlwmd aglt,c . L o
of 32 seconds is very long, since the w_'md tCI’IdEi to gust, and c;rc ]c:Jrs du}j
attains specific velocities for short perinds of time. However, the long
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FIG. 5. Displacament Historles for (a) Nodal Point 27 (Top of Column) and (&)
Nodal Point 16 {Midspan of Beam)

ration is a conscrvative choice, especiglly when evaluating the resonance
cendition,

As an cxample, Fig. 5 shows the displacement histories for two points on
the structure, using a wind speed of 15 mph. The points are Nodal Point 16
= Midspan of beam, and Nodal Point 27 = Top of column. The displace-
ment history for point 16 reflects vertical (in-plane} deflection of this point
in relation to time, and the displacement history for point 27 cxhibits hor-
izomtal (in-plane) movement. The maximum vertical deflection (at point 16)
equals approximately 0.1 in.; it occurs first after about 6 seconds of load
duration, and reoccurs roughly every 2 seconds. The response is stable, i.c.
the maximum deflection does not increase with time.

As expected, the maximnum horizontal deflection {at point 27) is one order
of magnitude smaller than the vertical one. It reaches a value of 0.01 in,
after approximately 6 seconds, and then occurs under stable conditions every
10 to 15 seconds thereafter. It is clear that the structural significance of the
horizontal in-plante deflections is limited; the enly aspect of the behavior that
might be affected by this may be the fatigne behavior of seme of the stue-
tural details (beam-to-column cennection, column base).

The maximum vertical deflection o the dynamic load must be considered
in relation to the value of the maximom static one at the same point, The
static displacements are repeated here for comparison:

1. Dead load: ASD = 4,56 in.
2, {Dead + ice) load: &;; = 6.63 in.
3. Dvnamic {vortex-shedding) load: 44, = 0.1 in.

The increase of the deflection due to the dynamic effect is therefore less
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than 5% for both dead and (dead + ice) loads. Since alhc s_ﬂlowr;z:;t:tris;;;s
i load cases that Inco .
1978) are increased by 1/3 for the loa ‘ oratt
Efilssgl‘winus)that gravity load will govern 1.'he in-plane dCSl%nl.c Thlsdl:;J f;;l;cs:
demonstrated by the small dynamic stress 1Creasces of 0.17 kst and U.
at the column base and beam midspan, rcspccm_wel}r. e beam i propor-
The statically equivalent out-of-planc c_lcﬂe;ctlon of the car) 091;“ por-
tional ta the square of the wind speed. Usmt% thhc dseﬂ“ti::nﬂgcﬁm; o . That
code wind of 70 mph, the beam at .
1;M[)e:nzdm c'::::[:f]l Iil;lc;;}?ri:l'g% in. For this wind speed, thercfore, the gravity load
> ination will govern. _ y ) ]
m;libmgusct.mws thge relationship between the maximum dynamic v;:rttécglﬂia;_
£l tg' ¢at midspan of beam) and the wind speed, fo_r the cumpv:t e
mifliﬁ& velocity range. Peaks are reached for velocities that correspone o
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gither 2D (1st through 4th) or 3D (2nd, 3rd, 5th, and 8th) nawaral frequen-
cies. Large deflections also appear to take place for wind speeds around 7.7,
16,210 17.0 and 21 .0 to 23.0 mph. These peaks correspond o the dth, 6th
and Tth 3D natural frequancies of the structere, for which the out-of-plane
motion of the columns cavse in-plane vertical displacement of the heam ends.
This scts up the in-plane resonance tendency for the structure.

Very few data points arc available for wind speeds larger than about 20
mph. These parts of the curves that arc shown in Fig. & are therctore esti-
mates, beyond the specific data that are given.

However, it is emphasized here that the ranges of velocities for which
resonance appears to be taking place are very narrow. Furthermore, the re-
suits in Fig. 6 have been based on a sustained wind duration of 32 seconds,
which is unlikely to occur. It 15 also recalled that it has been assumed that
the structure possesses ne damping capability. In consequence. although large
deflections are indicaled for certain wind speeds. their praciical impact is
questionable,

Analysis of the other structural models for dynamic wind loads showed
tesponses that were similar to that of the base model that has been described
above. It was found that there were displacement maxima corresponding to
the first 2D mode frequency ol each model. Each model exhibited larpe
displacements at wind velocities which corresponded to specific 213 or 3D
natural frequencies of the struciure.

DEsIGN IMPUICATIONS OF RESULTS

In order to make use of the data on the refationship between displacement
and time, an example of which is given in Fig. 6, it is necessary (o define
an allowable maximum displacement due to vortex shedding at the midspan
of the beam. Twao factors were taken into account in determining this de-
flection. First, it has been shown previously that the static stresses in these
structures arc low and well within the elastic range. Secondly, when wind
forces are considered, some specifications permit a 1/3 increase in the al-
lowable swresses (AISC 1978). Based on these factors, it was decided to
define the maximum allowable dynamic deflection as the deflection which
occurs when (he maximum stress equals the allowable one. Therefore, a
dynamic deflection ¢qual to onc third of the static vertical deflection at mid-
span was selected as the allowable dynamic value. For wind speeds causing
displacernents smaller than this, the combined gravity and wind stresses will
not govern, having taken advantage of the 1/3 increase in the ailowable
sStresses.

Based on the above criterion, the maximum aliowable dynamic deflection
for each model was calculated, and the results are presentad in Table 4 for
the base model and the first column, beam and span models. The ranges of
wind speeds that are given were determined from displacement histories of
the respective models. It is important to note that the ranges arc very small;
the fargest is 1 mph.

From the data in Table 4, which sumimarize the major results for typical
structures, it is felt that resonance is 2 phenomenoen that will not occur under
actual service conditions. This is due o the fact that in the analyses, damp-
ing was set equal to zero. Secondly, the wind has to be maintained for a
duration of more than 30 seconds. and finally, the wind speed must be kept
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TABLE 4. Static and Dynamic (Wind Vortex Shedding) Resporisa Data for Mid-
span

Max. Static A oar Range of wind
Daﬁpcﬂm Resonance | resonanca spaed {mplh]
) wind spaed | wind spesd | 1/3 4, | comesponding 4;"3 A
Modsl Ay Ay Le gl {im.} fin.) 1o 1/3 Ay {in.}
] 2 13} t4) 5] {6} {7 {8
Base 12.04 | A6 2.0 1.14 el | 218 X5 §.54
Corlurnn
Sodel #1
(1.5 Deoly [ 1156 6.20 22,25 17 T 22.0-21.5 B.27
Beam
Model #1
1.5 T beam) R69 | 619 215 oD .08 22.2-21.8 B 25
Span 3.5 1.2 131 0.12 0.42 12.6-13.6 1.6R
Miocles] 91 24.1 041 23626
(607 span)

within very narrow ranges for the 30 second duration in order to produce
ce.
res::agr a5 the static deflectioms of the structures are concerned, rpudcralltc
increases in the stiffness of the columns or the beam do not result in a sig-
nificant teduction of the deflections. Changing the span of the structure,
however, does affect the midspan deflections considerably, bntl_'] for the in-
plane as well as out-of-plane cascs. The larger the arca of the signs and the
closer the signs are placed to the midspan, the larger the deflections. Jt must
be noted that the sign location has considerable effe‘ct on tl'fe deflections due
to ice loads, as the signs will accumulate ice and further increase the mid-
1011,
Sp?.rnhse:;l:g:: bending stresses were also affected by the changes in the pa-
rameters. Increasing the column stiffness resulted in a reduction of the stresses
in the column, while increasing the beam stiffness reduced _[hc stresscs in
the beam. Again, significant changes in the stresses were nqtlced as a re_sult.
of changing the span of the structure. Sm?ﬂarly* the location of the signs
had a major role in the calculated stresses in t_he: beam and the co}qmn. Az
discussed in the parametric study section of this paper, the stresses in struc-
tures supporting large areas of traffic signs can be high and must be l_rw;:)ls—
tigated carcfuily. 1t is a question whether monotube stractures are suitable
Toups of signs. o
fUEI'lha;g:argame]tJers didgnnt appear to have any influcnce on the dyngmlc dis-
placements at the midspan of the beam, as long as resonance was nf::t oc-
curring. The struciures exhibited large displacerments at higher wind npec@s.
due 1o resonance-like conditions. However, thg absolutclmagnlltudes of these
displacements for different madels is rqcamnglcss. since in tl!enryé uq—
damped resonance leads to infinite deflections. Thus: near the indicated Tes-
onance wind speeds, a slight change in wind velocity could lead to a sig-
i tly larger deflection. .
mi'“;‘iaenciangg in the parameters did not have any appreciable crffect on the
dynamic stresses, Thesc stresses wire found to _bc less than 1 ksi, and the1_-c-‘
fore negligible for ali practical purposes. As far as the narural frequencies
of the structures are concerned, they were found to be nsensitive to the
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changes in the column and beam stiffness.

On the basis of the preceding evaluations, it is shown that a static analysis
of the monotube structure will be sufficient ro ensure that deflections and
levels of stress are satisfactory. The d° /400 requirement, which stems from
dynamic analyses of other sigh structures, can neither be satisfied nor is it
a rutional design criterion for monowbe structures. The gravity load detlee-
tions de not produce excessive levels of stress in the members; if a user fezls
that a certain dead load deflection level should not be exceeded, this can be
satisfied by specifying a certain camber, or a beam splice detail that produces
the requisite camber by a suitable splice plate angle.

The structural evaluations have also demonstrated that the in-plane (due
to gravity loads) and out-of-plane {due to wind load) deflections may be
determined separatcly. That 1s, gravity load displacements due to dead load
alone and due to dead + ice load can be computed for the in-plane response
of the monotube structure. The out-ef-plane behavior of the beam can then
be found by analyzing this member as simply supported zt the ends, due to
the very small out-of-plane bending stiffness of the connection. However,
simple support conditions are only realistic for the type of connection that
has been used for the monowbe structures evahiated here.

CoNCLUSIONS

The following conclusions represent some of the major findings of this
study of monotube span-type sign structures:

1. The static response of the structure can be determined separately for in-
plane and out-of-plane loads. That is, the deflections and stresses due to graviry
Toads are not influenced by those due 1o wind loads.

2. The monotube structures are not able to satisfy the current AASHTO dead
load deflection requirement. The actual in-plane deflections are significanty larger
than those indicated by a°/400.

3. The stress levels associated with the actual deflections are well below the
magnitudes of the allowable stresses, even though the maximum deflection is
well above the o /400-level,

4. The out-of-plane deflections associated with the maximum wind speed, which
was sel equal to 70 mph for this study vary from 3.5 to 12,1 in. for menotbe
structures with spans from 60 to 100 ft. The largesi deflection-to-span ratio (hor-
izontal) was approximately 1,100,

3. The combined effects of the in-plane and out-of-plane bending did not pro-
duce siresses larger than the allowabie value for any load combination and any
structure.

6. The design of monambe structures is governed by stiffness rather than strength
criteria. Allowable stresses were never exceeded, even though large deflections
were recorded.

7. The smdy investigated the influence of varying beam and column stiffness
by 25% and 50% over the base model. The bencficial effects of this were lim-
ited, and the cost of same appears to rule out such a device if reduced deflections
are sought.

8. The dynamic deflection increments that were produced by the vortex shed-
ding were one order of magnimde (or more) smaller than the static values for
almost all wind speeds.
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2. Resonunce-like conditions were found to occur tor frequencies of vortex
shedding that matched either 212 or 303 natural modes of vibration of the steue-
tures, However, this was found to occur only when the wind speed was main-
tained at a constant value fur a longer period of time. In addition, the resonance-
producing wind speeds were all within very marrow ranges: the largest one was
1 mph.

10. Tt is believed that the resonance condition is not serous, for several rea-
sons, as follows:

(a) Wind speed must be maintained within a narrow range, and for a
prolonged peried, in order for resonance to occur,

(b) The structural analysis was performed on the assumption that the
tonombe structure does not possess any damping capability.

{c) The apparent strength of the matcrial increases with the rate of load-
ing.

11. Further studics should be conducted on the question of the ranges of wind
speeds that may cause resonance, as well as the mfluence of struciural damping.
Finally, the response under high wind conditions needs to be examined in wind
tunnel tests.
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APPENDIX Il. NoOTATION

The following symbols are used in this paper:

A, = projected area;
., = force cocfficient;
Cy = root-mean-square value of Cy;
¥ = diameter of a tube;
F(n = time-dependent force,
R = Reynolds Number;
S = Strouhal Number;
¥V = wind velocity;
d = vertical dimension (depth) of traffic sign;
i t = time;
l An. =  dead load deflection;
Ay = horzontal deflection at midspan of beam (z-direction);
A =  static dead load deflection;
Ag: = static deflection due to {ice + dead} load;
Ay, = dynamic deflection component;
p = density of air; and
1 = frequency of vortex shedding.
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OuT-0r-PLANE BUCKLING FORMULAS
FOR BEAM-CoLUMNS/TIE-BEAMS

By Srliawat Kitipornchai' and Chien-Ming Wang?

ABsTRACT: This paper shows that (he ciosed form expression for the clastic oul-
of-planc buckling of doubly symmetric beam-columny usndéer uaiform mament can
be expressed in form similar to that of beams by mtroducing 3 beam-culumn pa-
mametet, 1 = #2/h° in which r, is the radius of gyration about the centroid and
h is the distance between flange ceniroids. The closed form solution is equally
applicable to tic-beams. For beam-columns/tic-boams under other loading condi-
Homs, accurate solutions are detertnined using the Rayleigh-Rilz cnergy approwch.
Approximate formulas to predict the out-uf-plane buckling capacitics of the beam-
columns ftic-beams uhdet moment gradient, unilommly distributed load, and central
concentrated load are presented. The proposed moment modilication factor for-
mulas furnish reasonably accurate predictions of the buckling capacitics of hoam-
columns /e beams and may thus be adopted by code males.

INTRODUCTION

Reiatively few studies have been made on the out-of-plane buckling be-
havior of thin-walled members subjected to combined bending and axial forces
although they commonly accur in practice: for example, & column in a portal
frame under side sway wind leading (Woolcock and Kitipornchai 1987). The
present design specifications (AISC Specitication 1987; Bradford et al. 1987;
Trahair 1977) for out-of-plane buckling of beam-columns are based on the
closed form selution of @ beam-column under equal and opposite cnd mo-
ments (Fig. la), modified by the so-called “moment moditication factar” to
allow for the nenuniform in-plane moment distribution. The adepied med-
ification factors were originally derived for beams under unequal end mo-
ments and are therefore highly conservative, as the influences of axial forces
have been completely ignored. Cuk and Trahair (1981} rectified this sitwation
by developing an cmpirical formula containing the axial force factor, based
on a curve fitting exervise of some finite element results. The formula is
intended For end moments and axial compression loadings only. Apparently,
far cther loading conditions (see Fig. 1%) and axial force, be it compressive
or tensile in nature, no out-of-planc buckling formulas are presently avail-
able. Interestingly, quantitative eftects of the tensile forces on the buckling
capacities have not been fully explored, cven though it is clear that the ten-
sile forces enhance the buckling capacities of the member. This lack of in-
formation has Jed designers to ncgleet the influence of the tensile forees,
thereby obtaining an unnecessarily cverconservative design.

This paper briefly reviews cxisting moment modification factors for beam-
columns and shows that the elastic out-of-planc buckling formula for doubly
svinmetric beam-columns/tic-beams under uniform moment can be ex-
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