FieLD TESTING OF HIGHWAY SIGN
SUPPORT STRUCTURES

By Kipp A. Martin," Mohammad R. Ehsani,” A. M. ASCE,
and Reidar Bjorhovde,® F. ASCE

AmsTaAcT: The results of field tests for two menvtube Mighway sign support
structures with spans of &0 and 100 ft are presented, The intent of the study
was to compare field measurements with previously conducted analytical re-
sults, inclading the possibility of resonance due to vortex shedding. Wind speeds
of up te 23.2 mph were recorded during the tests. Although the analytical stud-
ies predicled resonance tendencies at several lower wind speeds, this did not
take place during the field tests due to the inherent damping of the structures.
Measured stresses were analyzed statistically to account for the cyclic nature of
the loads, to assure a high level of confidence in the maximum stress levels.
There was pood correlation between computed and measured stresses, all of
which were found to be well below allowable values. The adequacy of previous
design recommendabcons was verified.

INTRODUCTION

As the width of highways has grown, so have the sizes of the nec-
essary sign support structures, until today spans in excess of 100 ft are
not uncommon. To support signs over these large spans, truss-type
structures have traditionally been used. These typically consist of two
columns supporting a truss or trichord element, and the traffic signs are
arranged in the desired locations and bolted in place.

The design of sign support structures is based on the American As-
sociation of State Highway and Transportation Officials's (AASHTO) 1975
“Standard Specifications for Structural Supports for Highway Signs, Lu-
minaries and Traffic Signals.” For convenience, this document will be
referred to in the following as the Specifications.

The Specifications set minimum perfermance guidelines. Among these
are criteria governing deflections. Essentially, the maximum static dead
load deflection, in units of feet, is limited to the empirical value of 43y
400, where d = the depth of the sign in feet. The rationale and conse-
quences of this approach have been discussed by Ehsani and Bjorhovde
(1986).

Over the years, the performance of the truss structures has generally
been satisfactory. However, there are some drawbacks to their use. They
are expensive to fabricate, and for that reason are not as economical as
some of the pre-engineered structures that are available. One of the lat-
ter types that has seen increased use is the monoctube sign support struc-
ture, which is significantly lighter as well as more attractive than most
truss structures.
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FiG. 1.—50-ft Monotuba Structurs Located In Tuckon, Arlzona

FIG. 2.—100-ft Monotube Structure Located in Phoenix, Arizona

Meonctube structures are constructed of lincarly tapering clements that
have a constant wall thickness. The columns are one-piece tapered mem-
bers with the largest diameter at the base. The beam normally consists
of two tapered pieces that are joined with the largest diameter at mid-
span. Beams of longer spans may consist of three pieces, with the mid-
dle one having a constant diameter. Figs. 1 and 2 show the structures
that were tested as part of this study.

Unfortunately, the Specifications do not provide much information on
the design of monotube structures. The absence of adequatc design
guidelines can be partly attributed to the sparsity of research and en-
gineering data on the strength and behavior of such structures. The first
major work in this area was a project conducted by Ehsani, et al. (1983)
in 1984 at the University of Arizona. It was found that the d°/400 de-
flection criterion as inappropriate for monotube structures. Dead load
deflections in excess of the ° /400 limit were calculated, slthough the
stresses associated with these deflections were well below the allowable
levels,

The first mongtube study was purely analytical and the accuracy of
the results obtained is a function of the assumptions that were made to
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model the structure. It is important to compare such theoretical results
with actual performance data for a real structure to verify the modeling,
as well as the responses that have been found. The latter should be
obtained from lesting, perferably using a full-scale structure being sub-
jected to a variety of service conditions. With such test data and cor-
relations in hand, improved design guidelines can be developed.

ScopPe

Before the wvaligity of any analytical study can be fully accepted, its
results should be compared to the actual behavior of the subject in ques-
tion. While the study by Ehsani, et al. {1985}, provided detailed data on
the behavior of monotube structures, it lacked comparison with the per-
formance of an actual structure.

The study presented here was conducted in three parts. In the first,
two actual structures were modeled for computer analysis. Part two in-
velved field testing of the same two structures. By testing the structures
under service conditions, the true response was obtained. The final part
of the study was aimed at comparing and evaluating the results obtained
in the first two parts. Through this comparison, it was possible to judge
the validity of the computer model, as well as to determine whethear
problem condibions such as resonance were developing. Details of the
analvtical and experimental work that is reported in the following are
given by Martin, et al. {(1985).

StAucTURAL RESPONSE UNDER WinD LoaDSs

For most sign structures, the only loads acting on the structure are
gravity and wind. The forces due to gravity are simply the self-weight
ol the structure as well as the weight of the ice that may attach to the
structure during certain times ol the vear in many geographical areas,
The magnitude and effect of these loads on the structure are relatively
easy to determine,

In contrast to the gravity loads. which are static, wind loads are dy-
namic. The wind blowing on a monotube structure acts primarily in two
ways. The first is drag on the signs and tubes of the structure, which
is 2 static force. Due to the low coefficent of drag for cylindrical objects,
the drag on the tubular elements of a monotube structure is negligible.
An approximation of the drag on the signs is incorporated in the com-
putation of the static equivalent of the wind forces in the direction per-
pendicular to the plane of the structure.

The second action of the wind is 2 phenomenon known as vortex
shedding. Air flowing around an object will develep vortices in the wake
which will alternate from one side of the object to the other. These al-
ternating vortices cause the object to vibrate in the plane perpendicular
to the direction of the wind.

The magnitude of the vortex forces depends on three major factors,
namely the wind velocity, the diameter of the tubular elements of the
structure, and the viscosity of the air. While vortex shedding may occur
for all values of the Reynolds Number R a deterministic solution can be
obtained in the range of 300 << R = 3 % 10° only. The frequency of the

a52

shedding is a function the Strouhal Number, 8, which in turn is related
to the Reynolds Number (Fung 1955; Hoerner 1965).

Ta account for the random force amplitude, Weaver (1961} experi-
mentally determined that root-mean square {rms) values of the force
coetficient, C; , denoted as C;, and obtained an expression for the vor-
tex shedding forces as

1
Fity = -pVIA,Cpsin{2t..... ..
it} 2p s A e (1)

where p = density of dry air; ¥V = wind velocity; A, = projected area of
the cylinder; 2 = frequency of the vortex shedding; and t = time.

The determination of {} is critical in the use of this equation, and can
be determined from the equation (Fung 19535):

where § = Strouhal number; and D = the cylinder diameter, For a com-
plete derivation of the vortex shedding force (see Ehsani, et al. 1985).

ANatYsIS OF MONCTUBE STRUCTURES

To help in developing the design guidelines, as well as to provide data
for a detailed comparisen with the results of fuli-scale testing, extensive
structural analyses were performed on the two structures that had been
selected for the field testing. The response of the models under static
and dynamic loading was determined, including details on stresses and
deflections.

For this study, the Arizona Department of Transportation provided
shop drawings and site plans for two sign structures. Both of these had
been designed in accordance with the AASHTO Specifications (1975).
The structures had spans of 60 and 100 ft as shown in Figs. 1 and 2.
Detailed dimensions are shown in Figs. 3 and 4. It is noted that the 1{0-
ft structure used a three-segment beam where the center segment had
a constant diameter. The longer span structure was located at University
Drive and Hohokam Expressway in Phoenix, Arizona; at the time, apart
from the freeways, the surrounding area was undeveloped. The shorter
span structttre was located across North Oracle Road at Miracle Mile in
Tucson, Arizong; the surrounding area consisted primarily of one- and
two-story residential and commercial buildings.

The beam-to-column connection provides some moment resistance to
vertical loads and essentially free rotation under horizontal loads. A more
detailed discussion of the connection s given in by Ehsani, et al. {1985),
The details of the column base are such that it can reasonabiy be as-
sumed to be fixed.

For each structure, 2 finite element model was developed following
generally accepted guidelines. The elements in both structures were
madeled as beam elements with three translational and three rotational
degrees of freedom at each node. Hollow circular sections were used for
the beam and column elements, while an I-shape was used for the beam-
to-column connection elements. It was not possible to modei the struc-
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FIG. 4.—Dimensions of 100-ft Structure

tures exactly as they appear in the field because the finite element pro-
gram used can only handle prismatic members. Te circumvent this lim-
itation, each element was assumed to have a constant cross section, with
dimensions equal to the average of the two end eross sections of the
element in the actual structure. The wall thickness of the circular ele-
ments was taken as the minimum specified by the shop drawings.

The shear capacity of a connection is based on its cross-sectional area,
while the flexual capacity depends on the moment of inertia. To ensure
a realistic behavior for shear, the connection was modeled as a short |-
section beam with the same area as the actual connection. The weak axis
of the I-beam was oriented to give the least bending resistance in the
horizontal direction, reflecting the simple support condition for the beam
under the action of horizontal {perpendicular to the plane of the mono-
tube structure) loads. The element was proportioned to give a moment
capacity in the vertical direction approximating that of the real connec-
tion, The I-section was actually similar to a flat plate, as the flanges were
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TABLE 1.—Natura) Frequencies far 60-f and 100-ft Structures

60-ft Structura 100-f Structure

Mode 2D, cps aD, cps 2D, cps 3D, cps

{1} (2) (3) (4) (%)
L 283 2.295 1.467 1.467
2 3.265 2.834 3.055 1.47%
3 12,290 3.265 5.001] 3.065
4 27.301 4.293 10.872 3,868
5 31.760 7.925 12,263 5.00)1
& 39.714 12.2%0 19.431 6,193
7 47312 16.646 36,418 g.113
3 74.169 27.301 37518 10,872
9 92,693 29307 42,252 13.874
10 102.730 31.93 56,589 19263

only slightly wider than the web and of negligible thickness (1 x 107™)
in).
In selecting the nodal peints for each structure, a node was placed at
the actual attachment points of each traffic sign for signs wider than four
ft, and at the center of the sign for signs four ft wide or less. In this
manmner, the mass of the signs would be applied at a node. A node was
also placed at the midspan of the beam to be able to determine deflec-
tions and stresses at this point.

All loads were applied to the models as nodal loads. The magnitudes
of these loads were computed as discussed previously. Each structure
was analyzed for various combinations of static and dynamic loads for
wind speeds between 2.5 mph and 20.0 mph, in increments of 2.5 mph.
Additional runs were made for 22.5 mph and 23.2 mph for the 60 ft
structure and 21.3 mph for the 100 ft structure. Above the largest wind
speed for each structure, the vortex shedding becomes random, and the
analytical selution is no longer applicable (Ehsani and Bjorhavde 1986).

In addition to the static and dynamic load analysis, the first ten two-
dimensional (2D) and three-dimensional (3D) natural frequencies were
also determined, assuming zere damping. These are given in Table 1.

Analytical Results.—For the wind speeds considered, the gravity loads
due to the weight of the structure govern in all cases. The stresses at
midspan are principally due to the weight of the structure. The mag-
nitudes of the in-plane bending stresses are independent of the wind
speed. For the 60-ft structure, the maximum stress was 5.11 ksi, which
is about 15% of the yield stress of 34 ksi. The magnitude of the maxi-
mum stress for the 100-ft structure was 10.92 ksi, which is about 32%
of the yield stress. The maximum normal stress at the column base for
the 60-ft structure was 2.64 ksi, and for the 100-ft structure it was 3.25
ksi.

At the connection between the column and the beam, shear stress is
the governing factor. For both structures, the finite element model showed
some normal stress, but this is largely due to the way the joint was
modeled rather than any actual siress. The shear stress at the joint was
close to constant for both structures, and the gravity loads appear to
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govert. For the a0-ft structure, the maximum shear stress was 2.64 ksi,
and for the 100-ft structure, it was 4.53 ksi. Both are well below the shear
yield stress of the steel, which is 19.4 ksi.

As has been seen, the stresses at the threc cobical locations on each
structure are significantly below the representative yield values of the
steel. However, neither structure was able to meet the 42/400 defleclion
criterion. For the 60-ft structure, which has a sign depth of seven fi, the
maximum allowable deflection according to Specifications (AASHTO 1975)
is: d3/400 — 727400 = 0.123 ft = 1.48 in. For the 100-ft structure with a
sign depth of 5 ft, the allowable deflection is: 4°/400 = 5°/400 = 0.076
ft = 0,75 in.

These compare to the computed deflections cof 1.12 and 5.51 in. for
the 60- and 100-ft structures, respectively. Since the stresses are very low
in both cases, this illustrates why the d? f4)) deflecton criterion is un-
realistic for monotube structures.

FiELD TESTING OF FULL-SCALE STRUCTURES

The second phase of the study consisted of the testing of actual sign
support structures under service conditions. This was accomplished by
mstrumenting the Phoenix and Tucson structures with electrical resis-
lance strain gages, as well as an anemometer to determine wind velocity
and direction. The data were used Lo determine the stresses and strains
at a number of important locations in the structures, and subsequently
to evaluate the correlation between theoretical and actual structural per-
formance. The data collection for the Tucson structure was carried out
during the months of February—April, and for the Phoenix structure dur-
ing the months of May~July. Due to the high ambient temperabures in
central and southern Arzona during the summer months, it was nec-
essary to calibrate the instruments and the strain gage readings to elim-
inate the effects of high temperatures.

Experimental Results.—The portable data collection equipment was
capable of reading the anemometer and strain gages approximately every
34 sec (Martin, et al. 1985). The data acquisition urat first read and stored
the wind speed and direction. Using these values, the magnitude of the
wind component perpendicular to the plane of the structure was then
computed and stored. It is noted that while the gage readings were ac-
complished quickly, most of the time that was needed was used to re-
trieve and store the data.

Due to the vibrating nature of the structures, the strain gage readings
were nol necessarily always made al peaks. The readings might have
been taken at any point in the cycle, and it was therefore determined
that a stahistical evaluation of the data was the only way in which logical
explanations of the results could be provided.

The analysiz was conducted for each gage for all wind speeds using
increments of 1 mph. Each nominal wind speed covered a range of 0.5
mph on either side of the nominal value. Therefore, actual wind speed
values exactly halbway between bwo nominal wind speed increments were
rounded up to the higher value.

For the 60-ft structure, a total of 1,244 readings were made by each
gage. For the 100-ft structure, 1,133 readings were taken per gage. For
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FIG. 6.—Stress Envelope for Midspan of 100-# Structure

each nominal wind speed, the maximum positive and negative stresses
were found, and the average siress and standard deviation were com-
puted. The average positive and negative stresses along with their re-
spective deviations were also determined.

The two locations of primary interest for each shruchure were the mid-
span of the beam and the base of the column. A stress envelope was
determined for each of these by plotting the average stresses, along with
points identifying values of +3 standard deviations to either side of the
average. This envelope included 99.5% of ali possible stress levels, as-
suming that the readings are normally distributed. The envelopes for
the midspan of the 60-ft and 100-ft structures are shown in Figs. 5 and
6, respectively.

{t can be seen that the maximum values of the stress envelopes are
well within the safe range. For the 100-ft span structure, the maximum
value given by the envelope is 18 ksi, which is only 53% of the yield
stress of 34 ksi. For the 60-ft structure, the maximum value given by the
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envelope is 8.2 ksi, or 24% of the yield stress. Furthermore, it is em-
phasized that these values are extremes. The large number of tests that
were made lend confidence to the statistical evaluations: Further data
are likely to alter neither the averages nor the =3 standard deviations
to a significant degree. It is therefore clear that the low level of service
load C-lstress that was predicted by the analyticai study has been substan-
tiated.

It is interesting to note that both structures exhibit local maxima in the
envelopes at wind speeds of approximately 2 mph, and again at 14-16
mph. The frequency of oscillations at 2 mph is well below any natural
frequency for both structures. However, between wind speeds of 15 and
16 mph, both structures are near a natural frequency. For the 60-ft struc-
ture, the frequency corresponds to the third 3D mode of 3.26 cps. For
the 100-ft structure, the mode is also the third 3D mode, at a frequency
of 3.06 cps. It is believed that the maxima observed in the stress envel-
opes at this wind speed indicate that the structure is tending towards
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resonance at these points. However, due to the structural damping and
the gusting of the wind, the resonance condition is not achieved. This
is the same finding that was made in the original monotube study (Eh-
sani, et al. 1985).

The bending stresses at the column bases arc not as large as their
midspan counterparts. The envelopes for the out-of-plane stresses for
both structures are shown in Figs. 7 and %. The maximum values are 7.7
ksi for the 60-ft structure and 17.0 ksi for the 100-ft structure. This dem-
onstrates that the span length has a greater influence on the column
base stresses than does the sign size. It is noted that the signs on the
60-ft structurc were about twice as large as those on the 100-ft structure,
but the lalter has a span that is 67% longer. The column base stresses
also exhibit local maxima at approximately the same wind speeds as were
found for the beam.

The maximum stresses discussed so far were not the actual maximum
stresses recorded, but the maximum values that are likely to cecur given
the statistical distribution of the data. The recorded stresses were less
than those presented. For example, at 16 mph, the wind speed for which
the stress envelope is the widest for the 60-ft structure, the maximum
recorded stress was 7.3 ksi, as compared to the 8.2 ksi of the envelope.
It is therefore clear that the use of a statistical approach has made it
possible to include essentially all of the possible stress levels in the anal-
vsis. This also reflects the cyclic nature of the struclu ral behavior, as well
as the influence of the time lapse involved in the reading ol the gages.

COoMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS

The full-scale test results that have been abtained represent an im-
portant addition to the pool of data that previously provided only the-
oretical results on the response of monotube sign support structures. In
the following, a detailed evaluation of the data will be given, affording
comparisons between actual in-service behavior of the structures and the

TABLE 2.—Computed and Maasured Stress for 60-1t and 100-ft Structures

wind n-Plare Stress* Cut-of-Plane Strass” In-Plarme Stress® Cul-of-Plang Stress®
spaed | Compuled, | Measured, | Computed, | Measured, | Compuled, | Measured, | Computad, | Measuiad,
{mgh] k&1 ksi ksi ksi ki ki Ksi kEi
n (2 i3 1) 18] 16 7 18] 19
15 438 332 1.H 1.73 10l 9.74 184 135
5.0 4 3469 1.3 2.08 .18 995 1E7 3.3
75 43 i 135 1.08 1073 U9 x| 2.9
0.0 439 4.8 145 240 #0.29 9.491 .95 413
125 119 1% |65 1.73 108 .60 31 4.4
180 4.5 410 L&t 142 ma %13 3l6 5%
175 2.3% 4.01 170 b 1n.53 4.3 312 1.47
na 4.6 1MF L&l 165 10.75 — 519 —
21 — - 1092 d 323 d
13 a1 — - — - — —
133 5.11 . d 264 3 — — — -

‘At midspan uf bean,

"A1 base of culuma.

"Quly one reading taken at this wind speed.
I dhika collectad for this wind sperd.
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theoretical studies that have been made. In addition, the results will also
be used to examine and verify the design recommendations that were
made eatlier (Ehsani, et al. 1985). It is noted that this carlier study ex-
amined the response aof a varcty of monotube structures, including the
effects of high wind, sign placement, span, and stiffness of the structural
components.

For the two structures, the analytical study and the field testing both
showed the point of maximum in-plane stress to be at the midspan of
the beam, The results are given in Table 2. It is interesting to note that
tor higher wind speeds, the in-plane stresses predicted in the analytical
study were consistently higher than those measured in the field. Al-
though the differences are generally acceptable, some discrepancies are
to be expected due to modeling and loading assumplions.

[n the out-of-plane dircction, the point of maximum stress is the col-
umn base for both structures, and the results are shown in Table 2. It
is seen that the apalytical model predicts lower stresses than those that
were measured. This is most likely due to the method used to model
the beam-to-column connection.

Generally, good correlation was obtained between the analytical and
experimental results. This is further shown in Figs. 9 and 10, which com-
pare the computed and measured live load stresses for the two struc-
tures. It should be remembered that Figs. % and 10 show only live load
stresses. It was not possible to measure the dead load stresses in the
field, since both structures had been erected carlier. To obtain an indi-
cation of the total stress level, the dead load stresses from the analytical
study were added to the measured live load stresses. These results are
shown in Figs. 11 and 12. It can be seen that for both structures, the

8a0

sl Frz3nbes .. ol A . r:.?:'_h.*.'._._____...._‘
—_— d Strosyst
18 38 F Im-Flanw LIiva Lo
2 IH_::"‘. :.:IIL,:::III::.._. we— In=Flana Tgtkl Gtirexzay
T ‘":' . .' awy Losd Shramnes — — Duti-ci-Flane Llva Lowd Strames=,
e T .] Streaums — Qui-af=Flenm Totel Strasass
ag | — fut-ef-Flare Tatm a5
t e I I - . |
z I = | =
. u
b "
H =
[ ! s |
-
il #
. i - -_‘___‘___‘_,_,._.___.-—"' ‘
S - PR . -
— e ————— |
¥ I
o I Sn— s
-
— e Jp——— L I I I
s ° s @ 2%
aﬂ 1 18 15 28 2% 5} 5 1@

[mph 2
Mingd Cpuad (mphl wind Gpead (mp

FIG. 11.—Total Stresses for Boft FIG. 12 —Total Stresses for 100-ft
Structurs Structute

stresses are well below the yield stress of 34 ksi and the applicable al-
10‘I'\t'a$§jltdregz noted that while the stresses for the structures arf] 1{11 t:'::i
acceptable range, the deflections are well bezyoncl tl'le lcurr_en“ gt fuit-
scribed limtes. This further indicates that the 4%/400 -:Ijltengn is pot sutt
able for monotube structures. Jf these had been designe tg lmlbab]

flections Lo the 47/400 limit, they would be overdesigned and pro m}i
uneconomical. A new deflection critenion, such as the fm:h reco r-
mended by Ehsani, et al. (1985), necds to be adopted for use with mon

tube struckures.

SumMARY, CONCLUSIONS, AND RECOMMENDATIONS

The purpose of this study was to gather data on the perfurmanlﬁe ﬂ:nf
monotube sign support structures under service conditons. Throug ' e
use of field testing and computer modeling, data were -:ollectet;i t:_:;T e:
termine the service load response characteristics of the monotube struc

'3, ‘
mgn the basis of the two full-scale structures that have been tested and

analyzed, the following conclusions can be made:

1. The service load stresses can be accurately Eredic:ted by the us? ?é
finite element modeling. The computer models in this stm;(}y curlruetiz::a 1
very well with the field measurements, as well as with earlier analy
stzc_hg:xe to the correlation between past and present ::eis:llts, C;ch:i ;Ln(:_:i
ommendations that have been made previously are we‘_:{ -foun ;anclude
should be considered for adoption. Thesc recommen ations
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suggested methods of analysis, new performance criteria, and topics in
nced of further study,

3. The stress levels associated with the actual deflections are well be-
low the magnitudes of the allowable stresses, even though the structures
do not meet the 42 /400 deflection criterfon.

4. The stress level at any point can be found by superimposing the
stresses due to static loads and thase due to dynamic loads,

5. The maximum in-plane stresses occur at midspan of the beam.

6. The maximum out-of-plane stresses occur at the column base.

7. Resonance did not ocour in the field lesting, even when vorticaes
were shed at frequencies cqual to the natural frequencies of the struc-
tures. This can be attributed to the inherent damping of the structure,
as well as to the gusting nature of the wind.

8. Monotube structures of moderate 1o long spans (=60 (t) cannot meet
the 4°/400 dead load deflection requirement of AASHTO. In most cases,
it would prove to be very uneconomical to design such a structure to
meet this requirement. It is recommended that the Freviously suggested
deflection criterion should be adopted. This limits the dead load deflec-
lion-to-span ratio to a value of 1/150.

9. Since the maximum wind speeds were relatively low (23.2 mph),
it is recommended that wind tunnel tests should be performed to evalu-
ate the behavior of the structures under high wind conditions,
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APPENDIX |.—METRIC CONVEHSION TABLE

The following is provided for the conversion of units from U.S, Cus-
tomary to 5.1. Units:

lin. =254 mm

1t = 304.8 mm
1ksi =689 MPa
1 mph - 1.609 kmh
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ArpeNDix |Il.—MNOTATION

The following symbols are used tn this paper.

A, = projected area;
C, = force coefficient
¢, = root-mean-square value of Cp;
' = diameter of a tube; o
d = vertical dimension (depth) of traffic sign;

Fity = time-dependent force;

R = Reynolds numbet;

8 = Strouhal aumber;

= time,;

VvV = wind velocity;

p = density of air; and .

0 = frequency of vortex shedding.



